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Onsoz

1960’11 y1llarda baslayan ve giinlimiize kadar siiren endiistriyel robotlarda glivenli calismaya iliskin esaslar
ve uygulamalar, artan bir ivmeyle siiren dijitallesme siireci pandeminin baslamasiyla birlikte ¢ok daha biiyiik
bir dnem kazanmistir. Endiistri 4.0’1n en 6nemli pargalarindan olan rutin ve sikici islerde kullanilan isbirlik¢i
robotlar; klasik endiistriyel robotlarla birlikte pandemi doneminde sagliktan gidaya, otomobilden metal
endiistrisine kadar yaygin olarak kullanilmaya baslamistir. Bu robotlarin baslangi¢ veya uygulama siireci bu is
birligi igerisinde giivenle kullanilabilir hale gelmeleri robotlarin kullanimi 6zellikle robotlarla birlikte calisma
gilivenligi agisindan daha fazla bilgi sahibi olunmasini gerektirmistir. Bu nedenle gelen talepler {izerine daha
once “Is Birlik¢i Endiistriyel Robotlarda Is Giivenligi Yaklasimi” ismini verdigimiz kitabimiz1 tekrar gozden
gecirerek uygulama ve giivenligi iliskin ayrintil1 bilgilerle donatarak yeniden kaleme almak zorunda kaldik. Ilk
iki baskiy1; 1. Bask1 (Subat 2021) Efe Akademi (Tiirkce) ve 2. Baski (Mart 2022) IKSAD Yaymevi (Tiirkge)
olarak gerceklestirdik.

Bu kitabin ilk baskisinin yayimlandigi 2021 yilindan bu yana, endiistriyel robot emniyeti alaninda 6nemli
geligsmeler yasandi.

Ozellikle ISO 10218-1 ve ISO 10218-2 standartlari, 2025 yilinda yayimlanan yeni versiyonlartyla birlikte
onemli giincellemeler icermektedir. Bir konuyu derinlemesine kavrayabilmek i¢in, 6ncelikle onun ge¢misini
ve bugiine kadar ge¢irdigi evrimsel siireci dogru anlamak gerekir.

Konfiigyiis’iin de dedigi gibi:
“Study the past if you would define the future.”
(Gegmisi incele ki, gelecegi tanimlayabilesin.)

Bu bakis agisiyla, yeni gelismeleri anlamlandirmak ve dogru konumlandirmak i¢in ge¢misin saglam bir
sekilde kavranmasi biiyiik 6nem tagimaktadir.

Bu nedenle, yeni bir boliim eklenerek; ISO 10218 robot emniyet standart serisinin 2025 revizyonlarinin
baslica konular1 hakkinda genel bir bilgilendirme olarak sunduk.

Kitabimizin, endiistriyel robot giivenligi alaninda c¢alisan profesyoneller, miihendisler ve arastirmacilar
icin giincel, sahaya uygulanabilir ve yol gdsterici bir kaynak olmasini diliyorum. Bu baskida ilk kez Ingilizce
ceviriye yer verilmistir. Bu ¢eviriyi biiyiik bir 6zveriyle gergeklestiren Ceren Ugan ve Dr.Nafiseh Farajirad’a
cok tesekkiir ederiz.

Kitabin faydali olmasi dilegiyle...
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Dr. Ogr. Uyesi Riistii Ugan
Ali Orhan Karacigan
Erhan Eskicumali
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1. ENDUSTRIYEL ROBOT

Cin ‘in iiretim imkanlarinin biitiin diinya ile birlikte Avrupa ve ABD’yi de etkilemesi iizerine Almanya
2011°de Hannover Fuari’nda Endiistri 4.0°1 giindeme getirmis, 2012‘de de Alman Robert Bosch GmbH ile
Henning Kagermann calisma gruplarinin hazirladiklart dosyalar1 Alman Hiikiimetine iletmeleri iizerine 4.
Sanayi Devrimi / Endiistri 4.0 resmen baslamis, ABD, Japonya ve Avrupa iilkeleri bir araya gelerek Cin’e
kars1 4. Sanayi Devriminin ilk adimlarini atmislardir.

Akilli fabrikalar, nesnelerin interneti (IoT), 3D printer, haberlesen- birbirleriyle konusan makineler ve ko-
laboratif robotlar gibi ¢esitli sloganlarla yola ¢ikan Endiistri 4.0in en 6nemli yeniliklerinden biri de kafesler
igerisinde, ¢itlerin arkasinda yalniz basina ¢alismaya zorlanan robotlarin kafeslerinden ¢ikmalarina izin ve-
rilmesiydi. Kalifiye programcilar tarafindan programlanabilen bu ¢ok pahali akilli makineler artik insanlarla
birlikte calisabileceklerdi.

Bu ¢ok pahali akilli makineler, aradan gegen yaklasik 10 yil igerisinde herkes tarafindan kolaylikla prog-
ramlanabilen, isteyen KOBI’ler tarafindan bile rahatlikla satin alinabilecek, esnek ve rutin isleri basarryla
yapabilecek hale gelmislerdir. Kendilerine ayrilan giivenli ¢calisma alaninda insanlarla birlikte ¢alismalarina
da izin verilen bu akilli makinelerin is birlik¢i gorevleri sirasinda, operatorlerle yakin iliskileri nedeniyle her
iki tarafin olas1 istemsiz hareketleri, ezilme, sikisma, yaralanma veya kemik kirilmasina neden oldugu giinde-
me gelince, daha dnce mevcut geleneksel robotlar i¢in hazirlanan standartlarin yetersiz kaldig1 ve yeni teknik
diizenlemeler yapilmas1 gerekmistir.

Geleneksel robotlar kendi baslarina c¢alisiyor ve izin verilmedigi takdirde caligma alanlarina da
girilemiyordu. Kolaboratif robotlar ise birlikte calistiklar1 insanlara destek veriyor bazi proseslerde de onlarla
is birligi yaparak siireci siirdiiriiyorlardi. Bu is birligi nedeniyle kendilerine Kolaboratif Robot/ Kobot veya
Isbirlikgi robot adi verilen bu akilli makinelerin, insanlarla olan is birliginin daha giivenli bir hale ge-
tirilmesi i¢in ¢esitli sinirlamalar (sinir degerler) belirlenmis, gerek tasarim sirasinda ve gerekse kobotlarin
kullanilacaklar1 sistemlere entegrasyonu sonrasinda olasi riskler ve tehlikeler i¢in yapilmasi onerilen risk
degerlendirmelerde kullanilacak oneriler ve sinir degerler, 6zellikle is birlik¢i robotlar i¢in hazirlanan 1SO/
TS 15066‘da yer almistir. Bu teknik sartname taslaginda ayrica, makine ve emniyeti ve giivenligi acisindan
referans alinmasi gereken ilgili standartlar da tavsiye edilmistir.

1.1. insan Robot Is Birligi

Endiistri 4.0°in baslamasiyla beraber yaklasik 50 yildir bir¢ok uygulama kullanilan geleneksel endiistriyel
robotlar yerlerini is birlik¢i robotlara devretmeye baglamiglardir. Aslinda endiistriyel robotlarin bir devamai ni-
teliginde olan is birlik¢i robotlar, insanlarla birlikte hem onlara destek olacak hem de onlarla is birligi i¢erisin-
de birlikte ¢alisabilir olma 6zelliklerinden dolay1 ¢ok daha fazla tercih edilir olmuglardir. Kobotlarin, gelenek-
sel robotlar gibi kendileri i¢in ayrilmis 6zel alanlar yerine, insanlara birlikte ¢aligsabilir olmalari, yapacaklar
isi kolay 6grenmeleri ve programlamalarinin endiistriyel robotlarda oldugu gibi, kalifiye programcilar yerine,
bu konuda kisa bir egitim almis kalifiye olmayan insanlar tarafindan da yapilabilir olmasi onlar1 bir¢ok uy-
gulamada daha ¢ekici bir duruma getirmis ve birgok uygulamada yaygin olarak kullanilabilir hale getirmistir.

Kobotlar nispeten yeni bir teknoloji olmasina ragmen, bu onlarin kullanim1 zor oldugu anlamina gelmez.
Aslinda, kobotlar geleneksel endiistriyel robotlardan daha kolay calisacak sekilde tasarlanmiglardir. Yakin
zamana kadar, robotlar ile bir siire¢ otomatiklestirilmek istendiginde, tek secenek endiistriyel robotlardi. Ko-
botlarin kullanimina baglayana kadar, ¢ogu insanin robotlar hakkinda diisiindiigii onlarin biiyiik, agir ve pahali
yardimci elemanlar oldugu idi.

Endiistriyel robotlar, otomotiv, havacilik ve tiiketim mallar1 endiistrilerinde oldugu gibi yiik-
sek hacimli {iretimin ihtiyaclarin1 karsilamak icin gelistirilmisti. Kobotlar, aksine, c¢ogu kiigiik
ve orta Olgekli isletmelerde bulunan yiiksek miktardaki degisik pargalarin iiretimi igin tasarlandi.
Aslinda, endiistriyel robotlar ve kobotlarin bircok benzerligi mevcuttur. Kobotlarin  sadece
kiigiik ve orta dlgekli isletmeler icin degil, bircok isletme i¢in miikemmel bir uyum saglayabilecek gesitli
avantajlar1 vardir. (Tablo 1).

Kobotlarin en yaygin kullanim alanlar1 asagida belirtilmistir:

Makine destegi (yiikleme), proses geregi kobot, islenecek parcayi, makineye yiikler ve isleme sonrasi
makineden alir, bu arada operator kendisine verilen diger gorevleri yapmaya devam eder,
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Kap ve yerlestir, robot pargay1 prosese dahil herhangi bir makineden veya banttan alip, bir sonraki islem
yapilmak {izere sistemdeki bagka bir makineye koyar veya ambalaj prosesinde pargalar1 veya tirtinleri kutulara
yerlestirir,

Montaj, robot, diisiik el becerisi gerektiren basit par¢a montaj goérevlerini yerine getirir, robot basit montaj
islerini tamamladiktan sonra, montaj1 tamamlanacak olan parca robot tarafindan baska bir alana alinir, opera-
tor bu alanda montaj islemini tamamlar,

Kalite kontrol, robot kalite kontrolii yapilacak parcay: test konsolu iizerine koyar, islem tamamlandiktan
sonra parcay1 oradan alinarak kendisine verilen goérev dogrultusunda baska bir yere koyar,

Diger hafif yiiklii uygulamalar, robot, temel paketleme, bitirme, yapistirma ve diger benzer gorevleri ye-
rine getirir. Kobotlar, biiylik bir el becerisine ihtiya¢ duyulmadig: siirece, insanlarin yaptigi gérevlerin bircok
kolay, sikici, tekrarlayan ve katma degeri diisiik isleri yapabilir.

Tablo 1: Endiistriyel robot ve kobotlarin faydalarinin karsilastirilmasi
(Getting Started With Collaborative Robots, t.y.)

Endiistriyel Robotlar Kobotlar

&
<

Pargalarin hareket etmesi

Rota takibi

Uzun siireli otonom sekilde ¢alisma

Uretkenligin ve {iriin kalitesinin arttirilmasi

IR RN

Iscilerde kas/iskelet yaralanmalarinin azalmasi

Giivenlik i¢in sensOr ve/veya kafes gereksinimi

Entegrasyon i¢in kapsamli robotik bilgisi gereksinimi

Cok yer kaplar

NENEN EN RN RN RN EN

Pahalidir

Programlana kolaylig1 / uzmanlik gerektirmeme

Mevcut ¢aligma alanina yerlesim kolaylig

Yeni gorev i¢in yapilandirma kolayligi

IR RGN

Bir gorevden digerine gecis kolaylig

Hizli kurulum Vv

Hangi islemlerin kobotlar tarafindan yapilacagina karar vermek: Robot ve buna iligkin calisma
hiicresi caligmalarina baglamadan 6nce, daha 6nce insanlar tarafindan yapilan hangi islerin ne amagla otomatik
hale getirecegi konusunda karar vermek gereklidir. Otomatik hale getirilmek istenen is robot i¢in uygun
olamayabilir veya siire¢ 6zellikleri nedeniyle robot istenen verimden ¢ok uzakta kalabilir.

1.2. isletmede Robotla Yapilacak ilk Otomasyon Girisiminde Dikkat Edilmesi Gereken Hususlar

Yapilacak Isin Fizibilitesi: Belirli bir gérev otomasyon igin iyi bir aday gibi goriinse de (belki de sikic
ve tekrarlayan oldugu i¢in), kobot i¢in en uygun olmayabilir. Bunun da nedeni, kobot ve insanlarin farkli ye-
teneklere sahip olmalaridir, bazi igler insanlar i¢in ¢ok kolay olmasina karsin, o isler robotlar i¢in olduk¢a zor
olabilir, bu savin tam tersi de gegerlidir, baz1 durumlarda insanlarin yaptiklari islerde ¢esitli nedenlerle tam bir
verim alinamaz iken ayni isi robot/kobotlarin yapmasi durumunda son derece farkli sonuglar alinabilir.
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Herhangi bir isletmede basartyla kullanilabilecek kobotun, iki ana 6zelliginin olmas1 gerekir:
*  Yiiksek diizeyde ongoriilebilir,
e Tekrarlanabilir,

Yapilacak bir¢ok iste bu iki 6zellikten biri mutlaka vardir, 6rnegin pizzacidaki is yiiksek diizeyde tekrar-
lanabilir bir istir, proses sonunda iiretilen iiriin pizza olmasina karsin, pizzada kullanilan malzeme ve soslar
degiskenlik gosterebilir. Ancak bir legonun parcalarinin birlestirilmesinden sz ettigimiz zaman, yapilan isin
sonunda elde edilecek iiriin 6ngdrdiiglimiizden farkli olmayacaktir. Bu nedenle kobota yaptirmay1 diistindiigu-
miiz isin yiiksek diizeyde ongoriilebilirlik ve tekrarlanabilirdik 6zelliklerine sahip olmasi gerekir.

Gorevin Ongoriilebilirligi: Manipiile edilecek nesneler her zaman ayni oldugunda ve her zaman ayni
yere geldiginde gorevler rahatlikla tahmin edilebilir.

Ongoriilebilir gérevlerin bazi 6zellikleri:
« Sirali nesneler, her zaman ayni sirada islem goren bir dizi malzeme, kobot bu isi siirekli tekrarlayabilir,

« Benzer nesneler, ayni veya ¢cok benzer boyutlara, agirlik araligina, fiziksel forma sahip nesneler. Bu, takim
veya tutuculari degistirmeye gerek kalmadan {iriinler arasinda hizli degisiklikler yapilabilmesini saglar.

« Diizenli nesneler, kiiciik degisikliklere sahip nesneleri. Dogru tutucu secimi ile bazi diizensizlikleri kobot
halledebilir, ancak normal nesnelerle ¢calismak ¢ok daha kolay olacaktir.

« Diizenli parca sunumu, nesneler bilingli olarak, tutarl bir sekilde diizenlenmistir. Matrisler ve islem go-
recek parcalarin i¢cinde bulundugu tepsiler genellikle par¢a sunumu icin kullanilir, sabit matrisleri igeren
islemler otomatiklestirmenin en kolay yoludur, tepsilerde oldugu gibi kobot bos tepsiyi ¢ikarmak ve par-
calarin tekrar secilmesi i¢in ayni noktaya yeni bir tepsi getirmek i¢in programlanabilir.

Gorevin Tekrarlanabilirligi: Gorevin adimlar1 her seferinde ayn1 oldugundan ve defalarca tekrarlanabilir.

« Tutarli Calisma: Gorev, islem gorecek parti i¢erisindeki nesneler ile nesneleri igeren partiler arasinda bii-
yuk farkliliklar gostermez,

« Uzun Siireli Calisma: Operasyon bir¢ok kez tekrar edeceginden, tek bir seferlik sorun ¢ikaran islemi oto-
matiklestirmek miimkiin degildir,

« Yiiksek talepli operasyon: Otomasyona en uygun operasyonlar, siirekli olarak biiyiik miktarda ayni isler
yapilir.

Uygulamasi Kolay U¢ Kobot Gorevi asagida belirtilmistir:

Makine Destegi/ Yiikleme: Makine yiikleme veya makineye destek, en yaygin kullanilan kobot gorevle-
rinden bir tanesidir. Bu gorev i¢in robota karmagik bir programlama yapmaya ihtiya¢ yoktur, diger ekipmanlar-
la da iletisim kurmaya gerek olmayan bu yontemde, sistem fazla sensor icermez. Daha ¢cok CNC makinelere,
kalite test cihazlarina veya ii¢ boyutlu makinelere parca yiiklemesi veya islenen parganin makineden alinmasi
islerinde tercih edilirler. Klasik yontemlerde bu isleri operator yaparken yiikleme ve bosaltma iglemleri arasin-
da makine basinda isin bitmesini bekler, bu isin kobot tarafindan yapilmasi1 durumunda, katma degeri olmayan
bir is ortadan kaldirilmaktadir.

Se¢/Kap ve Yerlestir: Kobotlarin kullanildig1 en yaygin ikinci kullanim alanlaridir, ek bir sensore gerek
kalmaksizin, daha ¢ok benzer geometrik Sekilli nesnelerin belirli bir yerden alinarak istenen form veya adet-
lerde bagka bir konumda dizilmesi veya paketlenmesi islerinde kullanilir.

Dagitim Isi: Herhangi bir ambalaj malzemesi iizerine etiket yapistirma veya etiket yazma isleri, rutin
islerin kaldirilmasi, hizlandirilmasi ve de hep ayni formatta yapilmasi agisindan kobotlar tarafindan basarili
bir sekilde gergeklestirilebilmektedir. Robot efektoriine verilecek bir komutla, istenen bir yol tizerinde belirli
zamanda ayn1 hareketlerin yinelenmesi seklinde gergeklestirilir. Bu yontemde de ek bir sensore gerek yoktur.
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Ekstra Sensor Gerektiren Isler:

Bitirme islemleri (Kuvvet Sensérleriyle): Son islem, bir son islem aracini (cilalama ucu gibi) bir {iriiniin
ylizeyi lizerinde/ parlatmak {izere hareket ettirmek i¢in robotun kullanilmasini igerir. Bu islem genellikle bir
kuvvet sensorii gerektirir, ¢linkil parlatict takim yiizeye sabit bir basingla uygulanmalidir. Bir kuvvet sensorii
kullanilmas1 gerekiyorsa, kuvvet sensorii robota dakikalar i¢inde baglanabilir, bu da entegrasyonu gegmiste
oldugundan ¢ok daha kolay hale getirir.

Montaj (Kuvvet Sensorleriyle): Montaj isleri ¢cok ¢esitli sekillerde yapilabilir, ancak ¢ogu zaman montaj
sirasinda parcalarin birlestirilmesi sirasinda kontrollii bir kuvvet uygulanmasi gerekir, bunun i¢in de robota
eklenecek bir kuvvet sensorii bu konuda yardimci olacaktir.

Al/Kap ve Yerlestir (Goriis Sensorleriyle): Alma ve yerlestirme uygulamalari, nesnelerin konumunu ve
yoniinii algilamak i¢in bir goriintii sensorii ekleyerek daha esnek hale getirilebilir.

1.3. Otomasyon Zorluklar1 Yaratan Yedi Faktor

Robotlarin herhangi bir uygulamada kullanilabilmesi i¢in yedi faktoriin incelenmesi gereklidir, aksi tak-
dirde bu robotlarin istenen kosullara getirilmesi daha c¢ok enerji, emek, zaman ve finans maliyetine neden
olacaktir. Bu faktorler ilk basta basit goriinse de lizerlerinde detayli calisilmadig: takdirde, hizla gesitli risk,
tehlike ve sorunlara neden olabilirler. En iyi strateji, kiiclikten baslayarak ve zaman i¢inde daha karmasik
projelere dogru yol almaktir.

1) Yapilandirilmams Par¢a Sunumu: Insanlar igin, gelisigiizel bir arada olan nesneleri yerinden almak,
onlar1 kovaya atmak ve attigimiz yerden tekrar almak ¢ok kolay olabilir, ancak robotlarin her ne kadar
gelismis bir algilamalart mevcutsa da nesneleri dogru ve risksiz bir sekilde alabilmelerini saglamak i¢in
diizgiin bir yapilandirmaya ihtiyaglar1 vardir.

2) Yaygin Olarak Farkl Nesneler: Robotlar, birden fazla nesneyi fark edip, buna gore bir yerden alip baska
bir konuma aktarabilirler, farkli geometrik sekilli malzemelerde bu daha kolaydir, ancak benzer sekilli
malzemelerde bu sorunun ¢ok iyi incelenmesi gerekir.

3) Konveyorler: Fabrika otomasyonunda yaygin olarak kullanilan konveyorler, prosese girecek iiriinleri ro-
botun hizmetine sunmak i¢in ¢ok tercih edilen ekipmanlar igerisinde yer alirlar. Hareketli nesneleri tespit
etmek i¢in genellikle bir gdorme sistemi veya parga algilama sensorleri eklenmesi gerekir, robotun dogru
konuma tasinmasi ve hareketli nesneleri kavramasi i¢in gelismis bir programlamaya ihtiya¢ vardir.

4) Kompleks/Karmasik Algilama: Her zaman, her konumda ve her sensorle nesneleri algilamak kolay
degildir, sensdriin mutlaka proses kosullarmi inceleyerek secilmesi gereklidir. Ornegin, nesnelerin 3D
modellerini ve robotun ortamini olusturan yeni sabit lazer 151k kamera sistemleri ile hem bir nesneyi 3D
olarak tespit etmek hem de en iyi kavrama konfigiirasyonunu hesaplamak miimkiindiir. Gergek calisma
kosullarinda, miimkiinse minimal diizeyde sensor kullanilmaya ¢aligilmalidir.

5) Diger Makinelerle Entegrasyon: Bazi durumlarda, prosesi yiiriitmek i¢in robotu birden fazla makine ile
entegre etmek gerekebilir. Geleneksel endiistriyel robotlarda oldukca karmasik ve emek isteyen bu islem
yeni nesil 1§ birlik¢i robotlarda oldukga basite indirgenmis bir islemle rahatlikla ¢oziilebilmektedir. Bir
makineye yiikleme veya bosaltma yapmak i¢in gorevlendirilecek bir robot, ayni1 ara yiizii kullanmalar1 ko-
suluyla, uzaktan kumandayla veya kablolu olarak ¢ok kisa bir zamanda diger makinelerle akuple edilebilir.

6) Mantik: Insanlar dogal problem ¢éziiciilerdir. Bir siseyi yana yatmis durumda goriirsek, hemen onu
diizeltiriz. Insanlar mantiklarini kullanarak, cisimleri tutarken veya kavrarken cesitli tepkiler gosterirler.
Ancak robotlar, programlarinda kendilerine neler 6gretilmisse o kadarini yapabilirler, robota daha fazla
yetenekler 6gretmeye ¢aligmak onun programini daha da karmasik hale getirir. Robotlara verilen komutlar
mutlaka kesin olmali ve tereddiitte imkan vermemelidir.

7) Gelismis Kuvvet Kontrolii: Robotun diiz bir ¢izgi lizerinde hareket etmesini saglamak ¢ok kolaydir,
ancak robotun hareketi boyunca bir kuvvet uygulamasini istemek ¢cok daha zor ve karmasik bir program
gerektirir. Uygulama sirasinda robota daha gelismis kuvvet kontrolii tiirleri karmasik bir program oldu-
gundan, risk degerlendirme sirasinda bu noktalarin ¢ok ayrintili irdelenmesi gerekecektir.
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1.4. Bir Kobot Dagitim Ekibi Olusturma

Robotlar1 bir igyerine sokmanin en biiyiik zorluklarindan biri, ¢alisan ekibin robotun isleri ellerinden ala-
cag1 korkusunun yenilmesidir. Halbuki robot kullanmanin amaci, insanlari igsiz birakmak degil, monoton ve
tekrarlayan isleri ortadan kaldirmak, {iretimi artirmak tehlikeli islerden insanlar1 korumak ve ¢alisanlar1 katma
degeri daha yiiksek islere yonlendirmektir. Bu da tiretkenligi, kaliteyi, refah1 ve is¢inin moralini daha ¢ok ar-
tiracaktir. Calisanlara, bu robotlarla beraber is birligi yapmasi gerektigi, bu is birligi sonucunda ortaya ¢ikan
sonuclarin daha dakik, hatasiz ve tekrar eden isler i¢in hepsinde ayni kaliteyi saglayacak sekilde ¢iktilarin
olusacagi ve sagliklari i¢in riskli olan ortamlarda sagliklarini dahi koruyabilecekleri bilgisi verilmelidir. Robot
veya kobotlarin ilk kez kullanilacag isyerlerinde kiigiik timler kurarak ¢aligsanlara robotlar1 sevdirecek egitim-
ler verdirilmelidir. Aksi takdirde robotlarin islerini ellerinden alacagini diislinen ¢alisanlar hem onlarla beraber
calisma konusunda ¢ekimser davranacak hem de kotii niyetli olanlar robotlarin ¢alismasini engelleyici, belki
de kazalara neden olabilecek girisimlerde bulunacaklardir.

Ekip Uyelerinin Olusturulmas:

Basaril1 bir kobot ekibi asagidaki alanlarda uzmanlagsmis ekiplerden olusmalidir;
1. Robotiks (Robotbilim),
2. Proje Yonetimi,
3. Uretim Prosesi,

Kurulacak ekip, Tablo 2’de belirtilen on gdrevi yerine getirebilecek nitelikteki tiyelerden olugmalidir. Pro-
jenin biiytlikliigiine gore ekipteki liyeler bu gorevlerden birkag tanesini iistlenebilir.

Tablo 2: Kobot ekibinin rolleri (Getting Started With Collaborative Robots, t.y.)

Uretim Miidiirii Programlayici
Proje Lideri Operasyon ve Bakim Is¢isi
Proje Koordinatorii Stire¢ Danigsmani
Miihendis Satin Alma Uzmani
Kurucu Stirekli Gelisim Uzmani

1.5. Kobotlarin Yararlari

Isletmede, 6zellikle bir robotun ilk olarak devreye girmesi asamasinda, calisanlarin, is kaybi, teknolojik
belirsizlikler ve projenin basarisiz olacagi konusunda cesitli endiseleri olabilir. Bu endiselerin projenin
baslangici sirasinda ele alinmasi, daha ilerdeki asamalarda giindeme gelebilecek bazi 6nemli sorunlarin
¢oziimiinde yardime1 olacaktir, ¢alisanlari da ikna etmek kolaylasacaktir.

Kobotlarin {i¢ 6nemli yararini asagidaki gibi 6zetleyebiliriz;

1. Daha Fazla is Giivenligi:

Birgok fabrikada insanlar robot gelince islerini kaybedeceklerden endiselenmislerdir. Halbuki kobotlarin
devreye alindig1 birgok tesiste is¢iler isten ¢ikarilmadiklar1 gibi, daha fazla el becerisi ve insan zekas: gerek-
tiren, katma degeri daha yiiksek islerde gorevlendirilmiglerdir. Uygulama baglatilan baz tesislerde tiretimin
artt1g1 ve yeni is¢i ihtiyaci ortaya ¢iktigr gorilmiistiir.
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2. Daha Az Is Kazas1 ve Yaralanma:

Isbirligine dayali robotlarin en pratik avantajlarindan biri, isyerindeki ergonomik sorunlar:
tyilestirebilmeleridir. Robotlarin en basarili olduklar1 uygulamalardan biri, is¢ilerin en ¢ok yaralandiklari,
tekrarlayan islerdir. Tekrarlayan hareketler kas-iskelet sistemi bozukluklarina neden olabilir ve bazi
endiistrilerde yaralanmalar nedeniyle bircok is giinii kaybedilir. 2007‘de Avrupa Birligi’nde yapilan bir ¢alis-
mada, kayip is giinlerinin %35’inin tekrarlayan hareketlerin neden oldugu kas iskelet rahatsizliklarina neden
oldugu saptanmistir. Ergo-Plus’tan Matt Middlesworth tarafindan kaleme alinan bir makalede ise ABD’de,
400,000 kisi, tekrarlayan hareketlerin neden oldugu kas iskelet hastaliklar1 nedeniyle tedavi gérmiis, bunun da
maliyetinin 20 milyar USD’den fazla oldugunu belirtmistir.

3. Dabha llging Isler:

Robotlar ¢oklu delik delme gibi sikici islerde ¢ok iyidirler. Siirekli bir CNC makinesine parca yiiklemek
veya iglenmis par¢ay1 almak da sikicidir, buna karsilik, kurulumlar, kalite denetimleri ve robot programlama,
calisanlar i¢in ¢ok daha tesvik edici gorevlerdir.

Kimse sikic1 gérevleri yapmak istemez. Bununla birlikte, her gérevin birisinin yapmasi gereken bazi sikici
ama gerekli igleri vardir. Bu isleri, siire¢ incelenerek tasarlanmis bir kobot rahatlikla gergeklestirebilir. Sikici
bu isleri robota verip ¢alisanlara da bu ayrintilar anlatildig: takdirde, islerin motivasyonu da olumlu yonde
artacaktir. Cogu zaman, ilk uygulamadan once ¢alisanlardaki robot korkusu, ilk robot ¢alismaya bagladiktan
sonra hizla unutulur. Insanlar, robotun islerinde onlara ne kadar yardimci olabilecegini ¢cabucak fark
ederler. (Getting Started With Collaborative Robots, t.y.)

1.6. Yonetim ve Isgiiciiniin Bir Araya Getirilmesi

Uygulama segilip, ekipte yer alacaklar belirlendikten sonra, kobotun tasarim asamasina gegilebilir. Ekip,
tasarima gegmeden Once, secilen uygulamanin eksiksiz olarak dogru bir secenek oldugu konusunda hemfikir
olmalidir, zira ileri zamanlarda ¢aligsanlara da bu konuda agiklamalar yapmak gerekecektir. Tasarimin ilk asa-
malarinda, kobota iliskin metrik degerler belirlenecek gerek yonetim ve gerekse ¢alisanlarin ikna edilmelerini
kolaylastiracak kilit bilgiler saptanarak bu bilgiler detaylandirilacaktir. Ornegin, yonetimin ikna edilebilmesi,
kullanilacak robot {iretimi costuracak gibi belirsizlik belirten ciimleler yerine, liretimi %20 artiracak, kalite
standartlarimiz1 gelistirecek fire oranlarimizi %7’den %?2’ye indirecek veya bedelini bir sene sonunda 6deye-
cek gibi sayisal ancak kanitlanabilir teklifler sunulmalidir. Bunun icin genelde sunulabilecek bes parametre
Sunlardir;

Kalite: Insanlarda, genelde robotlar en 6nemli 6zelliginin hiz oldugu diisiiniiliir, halbuki robot veya
kobaltlarin en belirgin tarafi, her seferinde kendilerine verilen gorevi eksiksiz, ayn1 zamanda ve ayni sekilde
yaptyor olmalaridir. Bu nedenle kobotlarin tiretim yaptiklar: sistemde, her bir {irtin bir 6nceki tiretilenle ayni
kaliteye sahip olup, onunla ayni siire igerisinde tiretilmistir.

Verimlilik: Kobotlarin ayni iiretim sisteminde kullanildiklar1 zaman mutlaka {iretimi artirma 6zellikleri
vardir. Bu dogal olarak robotun insana gore daha hizli ¢alisiyor olmasindan kaynaklanabilir, ancak robotlar
7/24 hi¢ mola vermeden c¢alisabilme 6zelligine sahiptirler. Bunun i¢in de sayisal bir karsilastirma yapabilmek
icin, manuel ¢calismadaki net iiretim stirecleri ile ayni isi kobotun yapmast durumundaki siirecleri ¢ok iyi he-
saplamak gereklidir.

Yatirnmin Getirisi: Kobotlarda genellikle yatirimin geri doniisii geleneksel endiistriyel robotlara gore
daha cabuktur. Bu siirecin otomatiklestirilmesiyle ilgili maliyetler ile tiretimin artmasi, gelismis kalite, 7/24
kullanilabilirlik ve iscilik ticretinin kalkmasinin karsilastirmasi yapildiginda ¢ikan sayisal sonuglarin ne kadar
tatmin edici oldugu mutlaka hesaplanmalidir. Bazi isletmelerde bu hesaplara, geleneksel anlamda yapilan isin
sik is kazas1 yaganan bir boliim olmasi ve ciddi is kayiplarina neden olmasi durumunda, bu maliyetin de he-
saplarda mutlaka yer almasi gereklidir.

Zaman: Kobotlar, ¢alisanlarini liretken zamanini artirabilir. Yapilacak isin kobota devredilmesiyle bir-
likte, o boliimde calisan operator katma degeri daha yiiksek bir is yaparak iiretkenligi artirabilecektir, diger
taraftan kobot hi¢c mola vermeden ve isi yavaslatmadan ¢alisacagi icin iiretim de dogal olarak artacaktir.

16 ENDUSTRIYEL ROBOTLARDA GUVENLIi CALISMAYA iLISKIN ESASLAR VE UYGULAMALAR



Bu asamada sistemde daha az katma degeri olan isin daha iyi tespit edilmesi ve kobota yeni bir is verilecegi
zaman yeni ise baglayana kadar gececek hazirlik siirelerinin de doru hesaplanmasi gerekir.

Deger: Isletmelerde deger, miisterinin 6demek istedigi her seyi ifade eder. Bu, katma deger icermeyen tiim
islemlerin gereksiz oldugu anlamina gelmez. Ambalajlama gibi bazi igler yapilmalidir. Bu goérevleri kobotlara
atayarak, bu isi yapanlar deger yaratan baska islemlere odaklanmalidirlar. Uretim yonetiminde, iiretim
siirecinde liretim yapan her bir istasyon bir dnceki istasyonun miisterisi oldugundan, sisteme kobot ilave
edildigi durumda bu kobotun bir sonraki istasyon ile nihai miisteri i¢in yaratilan katma degerin hesaplanmasi
karar verme ve ikna siireclerini de mutlaka etkileyecektir.

(Kaynak: Getting started with collaborative robots series, t.y.)

2. KOBOT VE UNSURLAR

Gerek ¢alisanlarin ve gerekse yonetimin kobota gecilmesi konusunda biitiin sorulari cevaplanip, endiseleri
giderildikten sonra tasarim siirecine gegilebilir. Tasarim ilk asamasinda dncelikle, projenin kapsami, roller ve
sorumluluklar tanimlanmali, zaman ¢izelgesi belirlenmelidir. Yapilacak gorevin tanimi, robotun goérevleri,
robotun yerlesim plan1 ve hareket alan1 tanimlandiktan sonra goérevler ve yapilacak isler eslestirilip kobotun
caligma hiicresi detaylandirilir.

1) Kobot tasarimina gegmeden Once, otomasyona gecilmesi ve kobot kullanilmak istenen prosesin siire¢
analizi yapilmali, mevcut yerlesim incelenerek, mevcut girdiler, ¢iktilar ve siire¢ detaylar1 belirlenmelidir,

2) Kobota devredilmesi diisiiniilen gorevler belirlenmeli, ¢calisma hiicresinde ¢alisacak robota iligkin gir-
di-¢ikt1 detaylari ¢ikarilmali,

3) Mevcut durumdaki ¢alisma alani ile kobotun calisacag is birlik¢i alanlar karsilastirilmals,

4) Kobota verilecek gorevler netlesip ¢alisacagi, yerlesim alani belirlendikten sonra robot/sistem yatirimina
iliskin tiim yatirim harcamalar1 ve yatirimin geri doniis siiresi belirlenip tasarim iglemi baglatilir.

5) Girdi: Robotun prosesi gerceklestirecegi nesneler neler ve bunlar robota nasil sunulacak,
« Cikti: Robotun ¢alisacagi alandan ¢ikacak {iriin,

« Proses: Robotik hiicrenin gerceklestirecegi veya destekleyecegi katma degerli gorevler,

Tablo 3: Kobot, Efektor ve Sensorlerin Secimi Sirasindaki Girdi Ozelliklerinin Etkileri
(Getting Started With Collaborative Robots, t.y.)

Girdi Ozelliklerinin Kobot, Efektor ve Sensor Secimine EtKisi

Ozellik Etkiler Varsayima Dayanan Uygulama
Parga - Programlama Secenekleri | Nesneler rasgele yerlestirildiginden, onlar1 izlemek
Diizenlemesi - Sensorler icin ek sensorler ve gelismis programlama gerekir.

Nesneler, kisa ve kalin bir kavrayicinin
erisemeyecegi kadar yakin bir Sekilde
paketlenmistir, bunun yerine dar u¢lu kavrayici bir
kiskag kullanilmalidir.

Nesne Araligi Nihai Efektor Boyutu

«  Programlama Secenekleri ) )
Nesneler bir tagiyici konveyor iizerinde kobota

i «  Sensorl ) : . S
;F(?rlllerg?;i . N?E:?%Ektér Tipi tasinir, kobotun hareketli nesneyi alabilmesi i¢in
. karmasik programlama gerekir.
Kobot Tipi
Paketl Nesneler kapali kutularda paketlenmistir, bu
Yaérftefnr?e Nihai Efektor Tipi nedenle nihai efektdr hem kutu kapagini hem de

nesneleri kavramalidir.
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Tablo 4: Kobot ve Nihai Efektor Secimleri Sirasinda Cikt1 Ozelliklerinin Etkileri
(Getting Started With Collaborative Robots, T.Y.)

Kobot ve Nihai Efektor Secimleri Sirasinda Cikt1 Ozelliklerinin Etkileri

Ozellik Etkiler Varsayima Dayanan Uygulama
. Kobot Boyutu 200 mm bir kiip 1 metre hareket etmesi igin
Nesne Boyutlari kavrayicinin stroku en az 200 mm ve kobotun erisim

+ Nihai Efektor Stroku mesafesi 1 m olmalidir.

Nesne bir kopiik bloksa, nihai efektor bir vakum kabi

Nesne Malzemesi | - Nihai Efektor Tipi olmamalidir. (Aksi durumda kobot blogu kaldiramaz.)

. Kobot Yiikii Nesne agirligt 5 kg ise kavrayicinin en az 5 kg tagima

Nesne Agirlig L o kapasitesi olmasi gerekir- bu da kobotun gerekli yiik
» Nihai Efektor Yiki kapasitesini etkiler.

Tablo 5: Kobot ve Nihai Efektor Secimleri Sirasinda Cikt1 Ozelliklerinin Etkileri Devam

Kobot ¢iktilart cesitli sekil ve boyutlarda pargalar olabilir

Nesne Tipi/Tipleri | - Nihai Efektor Tipi bu nedenle uyarlanabilir bir tutucu gerekmektedir.

+ Kobot hiz1 Hiicrenin her saat 150 parga tiretmesi gerekiyorsa, kobot

Gerekli Hiz o y .
. Nihai Efektor Hizn | Ve efektoriin buna uyum saglamasi gerekir.

Isbirlik¢i calisma hiicresi ¢iktis1, kobot ve efektdr ucu secimini etkiler.

Proses: Hiicre siireci kobot, efektor ve programlama secenekleri se¢imini etkiler. Proses, ayn1 zamanda
robotun boyutunu ve ¢alisma hiicresi boyutlarin1 da etkiler, ¢iinkii kobotun ihtiya¢ duydugu her seye sahip
olmasi gerekir.

Tablo 6: Kobot ve Efektor Secimlerindeki Hiicre Siireclerinin Etkileri ve Programlama Yontemleri
(Getting Started With Collaborative Robots, T.Y.)

Kobot ve Efektor Secimlerindeki Hiicre Siireclerinin Etkileri ve Programlama Yontemleri

Ozellik Etkileri Ornek
. .. Nihai Efektor Gorev kaynak yapmaktir, bu nedenle kobotun nihai efektorii
Gorev Tip1 - ) .
Tip1 ozel bir islem takim1 olmalidir
Bilesenler . Kobot Erigimi Gorev kobotun kendisinden 1 metre uzakliktaki bir diigmeye

basmasini gerektirdiginde, kobot’un en az 1 metre erigim

arasindaki mesafe | - Hiicre Boyutlari mesafesi olmasi veya diigmeye yaklastirilmasi gerekir

Gorev - Programlama Robotik beceriler gibi kolay programlama segenekleri,
! g y prog

karmasiklig1 Segenekleri karmagik gorevlerin zorlugunu azaltabilir

Araviiz . Procramlama Gorev, robotun diger makinelerle arayiiz olusturmasini

gere}I(sinimleri Seg%nekleri gerektirmesi durumunda programlama daha karmagik

olacaktir.

Not: Tablo 6’de kobotun gorev haritasin1 hazirlamak i¢in gerekli ana hatlar mevcuttur.
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2.1. Kobot Tasariminda Uzerinde Durulan Temel Ozellikler

Yiik: Yiik, bir kobot’un gilivenli bir sekilde isleyebilecegi/tasiyabilecegi agirlik miktarini ifade eder. Yakin
zamana kadar, kobotlar sadece nispeten hafif nesneler i¢in kullaniliyorlardi. Son yillarda daha agir malzeme-
ler i¢in kullanilabilen robotlar iiretilmeye baglandi. Robot tasariminda, kaldirma giicii hesaplanirken, mutlaka
robot kolu ucundaki tutucu agirliginin da hesaba katilmasi gerekir.

Kolun Uzanma Mesafesi: Reach, robotun ug¢ efektoriinlin tabanindan uzaklasabilece§i maksimum yatay
mesafeyi ifade eder. Genellikle robotlar biiylidilk¢e uzanim mesafesi de artar. Ancak, kobotun uzanma mesa-
fesi arttikga tliretim sahasinda iggal ettigi alan da daha fazla olacaktir. Robotik haritanin olusturulmasi sirasin-
da, robotun ¢alisacagi alandaki mesafelerin de hesaplanmasi gerekir.

Tekrarlanabilirlik: Tekrarlanabilirlik genellikle dogruluk veya hassasiyet ile karistirilir. Geleneksel en-
diistriyel robotlarda hem tekrarlanabilirlik hem de dogruluk 6nemlidir, ancak kobotlarda kalitenin de siirekli-
ligini saglamak ve her seferinde ayni iiretim verilerini almak agisindan tekrarlanabilirlik son derece 6nemlidir.
Tekrarlanabilirlik, robotun her seferinde ayni konuma geri donme yetenegini ifade ederken, dogruluk, robotun
belirli bir programlanmis konuma ge¢me yetenegini ifade eder.

Dogruluk o kadar 6nemli degil ¢iinkii kesin koordinatlar1 yazmak yerine, ug efektorii fiziksel olarak is-
tenen konuma (6rnegin elle yonlendirerek) tastyarak kobotlar1 rahatlikla programlayabiliriz. Ancak burada
onemli olan, kobotu elle hareket ederek bir konuma getirdigimizde, bu hareketi stirekli olarak tekrar edebilme
yetenegi olmalidir. Bir kobotun tekrarlanabilirligini mekanik duruslar veya kuvvet algilama yoluyla gelistir-
mek miimkiindiir.

Programlama Kolayhgi: Kobotlarin en 6nemli avantajlarindan birisi de kolay programlanabilir olmala-
ridir. Programlamasi kolay olan bu robotlar daha kolay yayginlasacak ve programlama konusundaki egitimler
cok kisa siirede tamamlanabilecektir. Ayrica programlamay1 yapabilen operator sayisinin fazla olmasi, prog-
ramlamada giindeme gelebilecek riskleri de minimal diizeye indirecektir.

Giivenlik: Kobotlar, insanlarla birlikte giivenli bir Sekilde calismak iizere tasarlanmiglardir, ancak her
iireticinin rettigi kobot i¢in giivenlik tanimi ayn1 olamayabilir. Ancak herhangi bir kobotun, giivenlikle ilgili
olarak asagidaki asgari kriterleri igeriyor olmasi gerekir.

Hangi giivenlik standartlarina uymaktadir (6rnegin, ISO / TS 15066, TUV sertifikas1),
Hangi giivenlik 6zelliklerini igerir (6rnegin, darbe algilama, sinirli motor giicli, yumusak dis yiizey),

Kobot giivenliginin en acik gostergesi, glivenli is birlik¢i robot uygulamalari i¢in onerileri 6zetleyen ilk
teknik sartname olan ISO/TS15066’ya uymaktir. Bir robotun belirli sertifikalara veya giivenlik 6zelliklerine
sahip olmasi, uygulamanin her zaman giivenli oldugu anlamina gelemeyebilir. Sonradan se¢imi yapilacak, son
efektorler, aksesuarlar ve dogal olarak giivenligi etkileyecektir, bu nedenle her zaman bireysel ve nihai risk
degerlendirmeleri yapilmasinda yarar vardir.

Diger Yararh Ozellikler: Her ne kadar, kobot tasariminda yukarida belirtilen bes 6zellik cok onemli ise
de baz1 uygulamalarda kullanilacak kobotlarin tasariminda asagidaki kriterlerin de iizerinde durmak gerekir.
(Owen, 2016)

Agirhik: Kobotun agirhig yerlesimi acisindan énemlidir. Ornegin, hafif bir robot isletme icerisindeki bir
masaya veya makinenin iizerine monte edilebilir, robota zarar vermeden robot bir operator tarafindan rahatlik-
la bagka bir konuma tasinabilir. Ancak agir bir robot, iiretim sirasinda herhangi bir sarsinti, titresim ve yikilma
olmayacak sekilde zemine veya kaideye saglam bir sekilde sabitlenmelidir, bu durumda da isletmenin farkli
bir boliimiine tasinmasi ve orada c¢alisir duruma getirilmesi ¢ok kolay degildir.

Hz: Biitiin robot iireticileri, hizlarin1 mesafe olarak metre/sn veya doniis olarak derece/sn olarak projeleri-
ne koyarlar. Geleneksel endiistriyel robotlar i¢in hiz 6n planda gelirken, kobot iireticileri, kobotun diger 6zel-
likleri hizdan daha 6nemli oldugundan, Sartnameye hiz degerlerini koymaya bile gerek gérmezler. Aslinda
kobotlar insanlarla birlikte calistiklari i¢in glivenlik agisindan hizin diisiik olmasi ¢ok daha iyi olabilir ancak,
kobotun dongii siiresinin kisa olmasi hiz degerlerinden daha 6nemlidir.
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Ivme/Hiz Degistirme Yetenegi: fvme, bir robotun tam hiza ne kadar hizli ulasabilecegini belirler.
(Genellikle hem hiz hem de hizlanma ayarlanabilir). Yiiksek hizda oldugu gibi, ¢abuk hizlanma da tehlikelidir,
bu nedenle bu 6zellik geleneksel endiistriyel robotlar i¢in kobotlardan daha énemlidir. Kobot ivmesi yavas,
yumusak ve sabit olmalidir—asla keskin olmamalidir— ve yakindaki insanlara robotun hareket ettigini fark
etmek i¢in yeterli zaman vermelidir.

Serbestlik Dereceleri (DoF/Degrees of Freedom): Serbestlik dereceleri veya DoF, robotun temel bir
ozelligidir. Bir robotun ug¢ efektoriinii konumlandirmak i¢in ne kadar esnek oldugunu gosterir. SCARA (Se-
lective Compliance Articulated Robot Arm) robotlar1 gibi baz1 goreve 6zgii kobotlar, son efektoriin yoniini
sinirlayan 5 veya daha az Dof’ye sahiptir. Digerleri 7 veya daha fazla Dof’ye sahiptir, bu da daha fazla konum-
landirma esnekligi saglar, ancak ayni zamanda daha karmasik programlama gerektirir. Ancak, ¢ogu kobotun,
son efektoriin herhangi bir oryantasyona ulagsmasi i¢in gereken minimum 6 DoF’si vardir. Bu nedenle, DoF
genellikle bir kobot segerken belirleyici bir faktor degildir.

Cevresel Ozellikler: Robotunuz sivi sigramasi, tozla kaplanmasi veya diger ¢evresel kosullardan etkilen-
me riski altindaysa, giris Korumasi (IP) derecesi dnemli bir 6zelliktir. IP derecelendirmesi, robotun ¢evresel
tehlikelere dayanma yetenegi ve ekstra koruma geregi hakkinda bir fikir verir.

Robot Omrii: Ureticiler, degisen calisma kosullar1 ger¢evesinde bir kobot dmriiniin 30.000 ile 35.000 saat
civarinda oldugunu kabul ederler, bu da yaklasik 4 ile 4,5 yila kars1 gelmektedir. Ancak, CNC makinelerin
yikleme isinde gorevlendirilen robotlardan 10 yili agkin siiredir servis verilenlerin sayis1 azimsanamayacak
kadar ¢oktur. Kobotlarin diger dnemli bir avantaj1 da kolay programlanabilir olmalidir.

En Iyi Son Efektér Nasil Secilir: Cogu kobot kendi son efektorleriyle satilmaz. Nihai efektérlerin
kobotlarin kullanilacaklar1 uygulamalara gore secilmesi gerekir.

Nihai Efektor Tipleri: Aslinda kullanilacak uygulamalara gore bircok ¢esit nihai efektér mevcuttur, en
yaygin kullanilanlari;

Tutucu, ¢ok amacli ug efektorler cogu uygulama i¢in uygundur (toplama ve yerlestirme, makine bakimi
ve montaj dahil),

Proses Takimlari; boya tabancalari, kaynak atasmanlar ve freze uglari gibi. Bunlar dogrudan is parcasi
iizerinde ¢alismak i¢in kullanilir,

Sensor ve kameralar; teknik olarak bunlar aslinda —son efektorler olmasa da robotun kolunun ucuna
baglanirlar ve robota geligsmis algilama yetenegi kazandirirlar,

Ozel Uglar; miisteri istegi iizerine belli gorevi yerine getirmek icin iiretilmis uglar,
Tutucular icin Bes Onemli Ozellik:

1. Yiik: Kobotun tutabilecegi/ kaldirabilecegi maksimum yiik agirligini ifade eder. Proses geregi tutucu ya
malzemeyi tamamen kavrar ya da parmak uglariyla siirtiinme kuvvetinden de faydalanarak, prosese devam
eder. Robot kolunun kaldirma giicii 100 kg olsa bile eger u¢ elemanin yani tutucu kollarinin kavrama/
tutma giicli 5 kg ise bu ¢alisma hiicresinin kaldirma giicii 5 kg ile sinirlandirilmis demektir. (Resim 1 (A))

2. Kuvvet: Kavrama kuvveti, tutucunun bir nesneye uygulayabilecegi sikma kuvvetini belirtir. Nesneyi par-
maklarinin arasinda tutan tek kuvvet budur. Agir ve dayanikli malzemeler i¢in kuvvetin yiiksek olmasinda
bir sakinca yoktur, ancak agir olmayan veya kirllgan malzemelerde kavrama kuvvetinin diisiik olmasina
dikkat edilmelidir. Maksimum kavrama giicii tutucu parmaklarinin uzunluklari ile de ilgilidir, baz1 durum-
larda uzun veya genis parcalarin kavranmasi istendigi durumlarda, 6zel parmak tasarimlariyla, uygulanan
kuvvet azaltilir. Ayarlanabilir kuvvet tutucular ile daha az kuvvet uygulanarak daha biiyilik kavrama de-
gerleri elde edilebilir. Ornegin, bazi firmalarn {irettigi ayarlanabilir tutucular ile daha kiigiik kuvvetler uy-
gulayarak 0,92 N’dan 235 N’a (Informatiq firmasinin 2F-85 tutucular1 gibi) kadar degerler elde edilebilir.
Ancak her firmanin {irettigi tutucularda bu 6zellik bulunamayabilir. (Resim 1 (B))

3. Strok: Tutucu ucundaki parmaklar arasindaki tamamen acik ile tamamen sikistirilmis durumlar arasindaki
mesafeyi gosterir. Tutucu segilirken, proses geregi kavranacak parcgalarin genisligine gore se¢im yapilir.
50 mm’lik bir strok, tutucunun 0 ile 50 mm arasindaki pargalar1 kavrayabildigini belirtir. (Resim 1 (C))
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4) Agirhk: Robotun kapasitesi 5 kg ve tutucu agirligi 0,8 kg ise, robot tutucu kombinasyonu ancak 4,2 kg’lik
parcalarin prosesinde kullanilabilir demektir.

5) Enerji Kaynagi: Tutucunun enerji kaynagi, kullanabilecek kobotun tiiriinii etkileyebilir. Robot, elektrik,
pnomatik, manyetik, vakum veya hidrolik gibi bir tutucunun belirli enerji kaynagi ile uyumlu degilse,
bunlar1 birlikte kullanilabilmesi miimkiin degildir. Baz1 kobotlar 6énceden bagl elektrikli veya pndmatik
konektorler le birlikte gelir. Bu, bu tip tutuculara daha uygun olacagi anlamina gelir. Genel olarak, elekt-
rikli tutucular pnomatik olanlardan daha esnektir, ¢iinkii ayr1 bir basin¢h hava kaynagi gerektirmezler.
(Owen, 2016)

Sekil 1: Tutucu (Kiskag) Cesitleri ve Ozellikleri

2.2. Dogru Sensorlerin Secilmesi

Gilinlimiizde kullanilan bir¢ok kobot, pargalari daha dogru tespit edebilmek i¢in gérme algilamasina ihti-
yag duyar. Robotik sisteme karmasiklik eklemeden ayni etkiyi elde etmenin daha kolay yolu yoksa mutlaka
gorme algilamasi olan sensorler kullanilmalidir. Basit uygulamalarda belki higbir sensore gerek olmayabilir
ancak operasyon karmasikligina gore ¢esitli 6zelliklerde sensor kullanmak gerekecektir. Sensor ilavesi bazi
durumlarda sistem sadelesmesini saglarken, yanlis sensor se¢imi sistemi daha karmasik hale getirebilir. An-
cak dogru secilmis her sensor uygulamay1 daha saglam ve gilivenilir hale getirecektir. Saglamlik bir esneklik
bigimidir, planlanan degisikliklere uyum saglama yetenegini ifade eder. Ornegin, bir robota bir goriis sensorii
eklediginizde, kobotun rastgele yonlendirmelerde sunulan nesneleri algilama ve yakalama yetenegi artar.

Sistem tasarimi sirasinda, yeni bir sensor eklemek daha giivenilir bir ¢aligma ortami olusturabilir, ancak
sistem biraz daha karmasik hale geleceginden, robotun entegrasyonu, programlamasi ve bakimi zorlasacaktir.
Ayrica, sensorlerin eklenmesi bazen sistemin ¢evikligini (planlanmamig degisikliklere uyum saglama yetenegi)
azaltir, bu da kobotun bir gérevden digerine gegmesini zorlastirir. Bu nedenlerden dolayi, genellikle yeni
baslayanlar i¢in kobot kullanicilarinin ek sensdrler eklemelerini engellenir. Baglangigta sistemi basit tutmalari
ve fazla sensor kullanmamalari 6nerilir.

Robotlarla entegre edilebilen sensor tiirleri arasinda barkod okuyucular, 3D Lazer tarayicilar, 151k perde-
leri, giivenlik paspaslar1 ve fotoelektrik parga algilama sensorleri sayilabilir. Sisteme yeni sensorler eklemek
icin asagidaki sorulara yanit aramak yerinde olacaktir;

« Robotun hangi islevleri 6nemli ise bu isleri nem sirasina gore siralanmali?

*  Yeni eklenecek sensor, bu islevlerin her birinin esnekligini nasil gelistirebilir?

* Yeni sensor, robotun genel ¢evikligini hangi yollarla azaltabilir?

« Bu, sensoriin farkli bir stiriimii (6rnegin farkli bir kamera sistemi) kullanilarak ¢oziilebilir mi?

«  Operasyonun baska bir boliimiiniin esnekligini artirmak i¢in sensoérden baska hangi gérev
lerde yararlanilir?

« Esnekligin bir isletmeye verebilecegi en biiyiik avantajlar nelerdir?
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+ Robotun ¢evikligi tizerindeki etkisi isi nasil etkileyebilir?

« Eklenecek sensor karmasikligr artiracagindan giivenlik agisindan herhangi bir sorun olustu
racak midir?

Ek sensorlerden yararlanabilecek uygulamalar; paletleme, makine destek, al ve yerlestir, dagitim, parlat-
ma/cilalama, montaj, kalite kontrol, kaynak, malzeme test olarak belirtilmektedir.

Is birlik¢i Robotlar I¢in En Cok Kullanilan 4 Sensér Tipi:
e GOrme Sensorti,
»  Kuvvet Sensori,
« Parca Algilama Sensérleri,

Her bir kobot tireticisi firma ¢esitli uygulamalara i¢in kendileri veya yan sanayileri aracilifiyla ¢esitli sen-
sorler gelistirmislerdir, sensorlerin birbirlerine gore ¢esitli avantajli ve dezavantajli yonleri mevcuttur. Gérme
sensorlerinin 2 ve 3 boyutlu olanlar1 da kullanilacak uygulamalara gore secilirler, bazi uygulamalarda sadece
2 boyutlu goriis sensorleri yeterli olurken, bazilarinda ise giivenlik agisindan mutlaka 3 boyutlu sensorlerin
se¢ilmesi uygun olacaktir. 2 ve 3 boyutlu goriis sensorlerinin {istiin yanlar1 asagidaki tabloda gosterilmektedir.

Gorme sensorii, kuvvet sensorii ve parga algilama sensorleri, giivenli bir ig birlik¢i ortamin olusturulma-
sia yardime1 olsalar da daha cok tiretimin saglikl yiiriimesi, iiretimde duruslarin olmamasi, bu duruslardan
dolay1 iiretimin aksamamasi ve iiretim kaybi olmamasi i¢in kullanilan sensorlerdir. Isbirlikci ortamdaki gii-
venligin saglanmasi ve i kazalarina neden olabilecek risklerin minimize edilmesi gorevi daha ¢ok giivenlik
sensorlerinin iyi se¢ilmis ve dogru calisabiliyor olmalarina baglhdir.

Parca algilama sensor tipleri; fotoelektrik sensdrler, ultrasonik sensorler, lazer sensorler, endiiktif sensorler,
kapasitif sensorler, manyetik sensorler, mekanik sensorler ve giivenlik sensorleri olarak siniflandirilmaktadir.

Gorme, kuvvet ve parca algilama sensorlerinin aksine, giivenlik sensorleri robota fazla bir yetenek ekle-
mezler. Bunun yerine, bir robotun insan iscileri igin tehlike olusturmamasini saglamaya yardimei olurlar. Isbir-
lik¢i, robotlar insanlarla birlikte ¢aligmak {izere tasarlandiklarindan, giivenlik sensérlerinin gerekli olmadig:
diistintilebilir. Aslinda giivenlik sensorleri, geleneksel endiistriyel robotlarda oldugu kadar hayati olmayabilir,
ancak oOzellikle is birlik¢i ¢alisma alaninda insan varliginin ve robota yakinliginin tespiti acisindan oldukga
onemli onemlidirler. Giivenlik paspaslari, kizilotesi 151k perdeleri, lazer gorme teknolojileri, ultrasonik ve
fotoelektrik sensorler robotun veya baska bir seyin siirlandirilmig ¢alisma alanina girigleri hakkinda siirekli
bilgi vererek giivenlik agisindan giindeme gelebilecek riskleri engellemeye calisirlar. (Owen, 2016)

Giivenlik Sensorii Tipleri:

- Isik Perdeleri geleneksel giivenlik kafeslerinin sensor esdegeridir. Isik perdeleri iki veya daha fazla foto-
selin oldugu uzman fotoelektrik cihazlardir. Bu sensorler reflektorlii veya karsilikli olarak kullanilir. Tsik
perdesi sensorii, bir veya daha fazla 1s1n kirildiginda siirli bir alana girisi algilar.

- Giivenlik Paspaslar: basinca duyarli paspaslar, kisithi bir bolgenin zeminine serilir ve birisinin tizerinde
durdugunu tespit eder. Bir ¢arpismanin ne zaman gerceklestigini tespit ederler.Cevre ve Kenar Korumalari
genellikle hareketli mobil robotlara baglanan basing sensorlii seritlerdir,

- Tek Isinh Lazer aralarinda bir lazer 1s1n1 bulunan tek bir ¢ift verici ve alict modiilii igerir. Isinin ne zaman
kirildigini tespit ederler.

- Lazer Tarayicilar ¢calisma alaninin 3 boyutlu goriintiisiinii olusturan bir tarama lazeri kullanir. Temel
olarak 3 boyutlu vizyonda kullanilan teknolojiyle aynidir, ancak nesneleri tespit etmek yerine, yalnizca
caligma alanina giren yabanci cisimleri tespit ederler,

- Koruyucu Robot Kaplamasi bazi is birlik¢i robotlar, bir giivenlik sensorii gorevi goren sensorlii bir dis
kaplamaya sahiptir. Koruyucu kaplama bir Seyle carpistiginda robot durur.

- Kamera Bazh Giivenlik Sensorleri 3 boyutlu gérme sistemlerinde oldugu gibi hem lazer teknolojisi hem
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de kameralar glivenlik sensorii olarak kullanilabilirler, 3e boyutta is birlik¢i calisma alanini izleyebilirler,
Isbirlik¢i Robotlara Giivenlik Sensorii Eklemenin Yararlari:

Giivenlik sensorlerinin faydalari sadece sistemin giivenligini arttirmalari degildir. Bu sensorler ayrica ro-
botun performansini artirmaya yardimci olabilir. Bu avantajlardan bazilar1 sunlardir;

« (Calisma alaninda insan olmadiginda robotun daha yiiksek hizlarda ¢alismasina izin verir,

« Sistemin c¢alisma alanindaki engellere tepki gostermesine izin vererek ekipmanin zarar gérmesini
onleyebilir,

« Kabul edilebilir genel sinirlar iginde kalmasina izin vererek, sistemin daha diisiik bir risk altinda olmasi-
ni1 saglar,

« Geleneksel ¢it koruma ile karsilastirildiginda robot i¢in gerekli zemin alanini azaltma potansiyeline sa-
hiptir,

« Ayni robotun hem is birlik¢i hem de is birlik¢i olmayan gorevler i¢in kullanilmasina izin verir. (Owen,
2016)

Isbirlik¢i Robotlara Giivenlik Sensorleri Eklemenin Zorluklar

Gorme gibi daha karmasik sensorlerle karsilastirildiginda, giivenlik sensorlerinin bir sisteme entegre edil-
mesi genellikle daha kolaydir. Bununla birlikte, giivenlik sensorlerini is birlik¢i robotlarla kullanirken hala
bazi1 zorluklar s6z konusudur; Algilama, algilanan nesnenin boyutuna baglidir, bu nedenle daha kii¢lik nesne-
ler tespit edilemeyebilir,

+ Ince metal veya sac gibi bazi malzemeler, algilama teknolojilerinin bir kismi tarafindan tespit edilemezler,
« Cevredeki malzeme ve havadaki kirleticiler baz1 sensorleri etkileyebilir,

« Birbirine ¢ok yakin yerlestirilmis yakinlik sensorleri birbirine miidahale edebilir (Owen, 2016).

3. GELENEKSEL ROBOTLARDAN KOLABORATIF ROBOTLARA
GECIS SURECI

Kolaboratif robotlarin tarihi geleneksel robotlarin tarihi kadar eskilere dayanmiyor, 6zellikle 2011°de En-
diistri 4.0’1n baslamasiyla birlikte kolaboratif robotlara doniisiim hiz kazanirken yeni iiretim hatlarinin biiyiik
bir kisminda kolaboratif robotlar (kobot) kullanilmaya baglanmstir. 11k baglarda EN ISO 10218-2"de kolabo-
ratif robotlardan detaylara girmeden bahsedilmisti, ancak kolaboratif robotlarda yeni ekipman ve bilesenlerin
kullanilmasiyla beraber bu standardin yetersiz kaldig1 goriilmiistiir. Yeni standartlarin olusturulmasi zaman
alacagindan ISO/TS 15066 Robotlar ve Robotik Cihazlar-Kolaboratif Robotlar baglig1 altinda ilk tanimlama-
lar yapilarak, is birlik¢i ¢aligma ortaminda robotla operatoriin is birlik¢i alanda ¢arpigsmalarina iligkin gesitli
giivenlik degerleri risk degerlendirmesi yapacaklarin dikkatlerine sunulmustur.

3.1. Kolaboratif Robot Tasarimi icin 15066’ nin onerileri

Kolaboratif (is birlik¢i) robotlarin standartlariyla temel bilgiler, ISO 10218-2 standartlarinda belirtilmis
olsa da asil detaylar ISO/TS 15066°da anlatilmaktadir. Bu standartta anlatilanlar ve risk degerlendirmesi robot
sisteminin yani sira asagidaki hususlar1 da kapsar;

* Operasyon sirasinda robot tarafindan parcalar1 kavrayan tutucularin, parga firlamasini engellemek yone-
timi,
» Sanal citlerin giivenligin dogrulamak icin bilgilerin robota gonderildiginden emin olmak,

* Robot hiicresinin ve robot lizerindeki keskin kenarlarin belirlenmesi,
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Robota insan veya herhangi bir cisim temasiyla ilgili giivenli mesafenin hesaplanmasi,

Kolaboratif robotlarda risk degerlendirme yontemi olarak PL degerlendirme (Standart 13849-1 ve SIL

(Standart) 62061 kullanilir, bunlar genelde asagidaki kriterlerden olusur;

B b=

Maruziyet sikligi,
Uzerine durulan riskin nasil bir yaralanmaya neden olabilecegi,
S6z konusu riskten korunma olasiligi,

Robot iireticisi firma, robot iizerindeki komponentleri, robotun dogasinda olan ve de robotun calisacagi
uygulamada s6z konusu olabilecek riskleri goz oniine alarak se¢melidir, biitiin komponentler risk deger-
lendirmesi sonucunda ortaya ¢ikacak gilivenlik seviyesi (SIL Standart 62061/PL Standart 13849-1) ile
uyumlu olmalidir.

EN 62061°e gore riski asagidaki degerlere gore tahmin ederek hesaplama yapabiliriz.
Maruz kalma siklig1 ve siiresi (Fr)

Zarar1 6nleme ya da azaltma olasilig1 (Av)

Tehlikeli bir olayin meydana gelme olasilig1 (Pr)

Yaralanma siddeti (Se)

SIL (Emniyet Performans Biitiinliigii Seviyesi) ve PL (Performans Seviyesi) yukarida belirtilen stan-

dartlarla IEC/EN 6149-1 standardinin uygulanmasiyla standart hale getirilmis degerler olarak risk degerlen-
dirmesi acisindan olduk¢a 6nemli kolaylik saglarlar.

Sunlara uygun

olarak

uygulamalarda

kullanilabilir

EMIE0 128491 PL ¢ PL d PL e

EN/IEC 682061 SIL 1 ve SIL 2 ve SIL 2 ve
SiILCL 1 SILCL 2 SILCL 3

Sekil 2: EN ISO 13849-1 veya EN/IEC 62061 gore SIL (Matthias, 2017)

EN ISO 13849-1 veya EN/IEC 62061 standartlarina uygun olarak yapilacak tasarim ve uygulamalarda

SIL/PL baglantilar1 10/5/2015 itibariyle AB’de yasal hale getirilmistir. Bu standartlar, sektore ait 6zel stan-
dartlar da igerir ve tasarimdan uygulama baslangicina kadar olan tiim detaylar1 kapsar.

EN 62061°e gore riski asagidaki degerlere gore tahmin ederek hesaplama yapabiliriz.

Maruz kalma siklig1 ve stiresi (Fr),

Zarar1 Odnleme ya da azaltma olasilig1 (Av),Tehlikeli bir olayin meydana gelme olasilig: (Pr),
Yaralanma siddeti (Se)

Aslinda robotlarin kullanimi oldukga eski olup, yukarida belirtilen standartlara baktigimiz zaman bun-

larin birgogunun temelini geleneksel endiistriyel robotlar i¢in olusturulan temel bilgilerden kaynaklandiginm
goriiriiz. Isbirlik¢i robotlarda ise her ne kadar ¢alisan bir robot var ise de aslinda tanimlanan bir sistemdir.
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EN ISO 10218-1’de kolaboratif robotlar hakkinda detaya girmeden olduk¢a genel bilgiler verilmistir. Ancak
sistemlerin tasariminda tretici firmalarin tasarimda kullandiklar1 degisken sayisinin ¢ok yiiksek olmasi nede-
niyle, yeni bir standart olmasa bile iireticilere yol gosterici olmasini saglamak amaciyla, IS/TS 15066 Robotlar
ve Robotik Cihazlar rehberi hazirlandi. Bu belgede is birlik¢i robotlarin tasariminda kullanilacak birimlere
ait temel bilgiler verilirken, insanlarla birlikte calismasi diisiiniilen bu robotlarin birlikte ¢alistiklar1 insanlara
carpmalari sirasinda kabul edilebilir kosullarin neler olabilecegi belirtilmistir.

ISO/TS 15066°daki Yenilikler Nelerdir?

Isbirlik¢i robotikte, insanlar ve robotlar iist iiste binen bir ¢aligma alanimi kapsayabilirler. ISO/TS 15066,
riski kontrol eden ortak bir ¢aligma alaninin tasarimi ve uygulanmasi i¢in yonergeler saglar.

ISO/TS 15066’ nin arkasindaki temel fikirlerden biri ise:

Robotlar ve insanlar arasinda bir temasa izin verilirse ve tesadiifi temas meydana gelirse, o zaman bu
temas agri veya yaralanmaya neden olmaz.

Bu amagla, ISO / TS 15066 “agr1 baslangi¢ seviyesi” verileri, izin verilen maksimum Robot giicii/hizi,
tasarim kriterleri ve is birligi tekniklerinin daha derin bir agiklamasini yapar. En 6nemlisi, ilk kez, ISO/TS
15066, isbirlik¢i robot uygulamalari i¢in risk degerlendirmeleri yapanlara, calismak i¢in sabit veri ve for-
miiller saglar.

Agn Baslangic Diizeyi Verileri:

Almanya’daki Mainz Universitesi>ndeki arastirmacilar, ISO Komitesi adina bir agr1 baglangict
caligmasinda, 100 denek iizerinde ¢alisildi ve kuvvet ve basing siirlar1 olusturulmak iizere, insan viicudun-
da 29 bolgeye cesitli degerlerde basing ve kuvvet uygulamasi kararlastirildi. Mainz ¢alismasinin bir sonucu
olarak, ISO/TS 15066, insan viicudunun her bir parcast icin maksimum kuvvet ve basing seviyelerinin bir
listesi hazirlanmistir. Bu veriler, robotun asmamasi gereken bir dizi kuvvet / basing esigi olusturmak i¢in
kullanilabilir ve robot tasarimini ve entegrasyonunu yonlendirmek i¢in tasarlanmaistir.

izin Verilen Maksimum Robot Sistemi Giicii / Hizi:

ISO /TS 15066, gii¢ ve gii¢ sinirli caligmast i¢in tasarlanan isbirlik¢i robot sistemleri i¢in dnerilen giic
ve hiz limitlerini 6zetlemektedir. Belgenin bu boliimii, robotun ayarlanmasina izin verilen maksimum hizi
belirlemek icin gereken kilavuzu igerir, boylece, robot teknolojisinin 6nemli bir unsuru olan Robot Kolu
Sonu Takimlar (End of Arm Tooling/EOAT) ve parga robot sistemi i¢in maksimum degeri agmaz.

ISO/TS 15066’ya gore dort cesit kolaboratif calisma yonteminden bahsedilmektedir. Daha 6nceden de be-
lirtildigi gibi ilk 3 yontem geleneksel endiistriyel robotlarda kullanilan yontemler idi, gii¢ ve kuvvet sinirlama
yontemi 15066 ile birlikte dogrudan is birlik¢i robotlar icin tasarlanmig bir yontemdir. Bu nedenle, endiistriyel
robotlarla ilgili calisma yontemi ve standartlara yonelik ayrintilar bagka boliimlerde verildiginden burada sa-
dece gii¢ ve kuvvet sinirlama yontemine iligkin ayrintilar tizerinde durulacaktir.

* Giic ve kuvvet sinirlama (power and force limiting) yontemi:

Ik ii¢ yontemde, operatdrle kolaboratif robotun ayni anda is birlik¢i alanda hareket halinde olmasina
izin verilmiyor, izleniyor, engelleniyordu, bu nedenle de robotla operatoriin calisma olasilig1 da yok denecek
kadar azdi. Ancak, bu yontemde is birlik¢i alanda, proses geregi olarak, robotla operatoriin is birlik¢i ¢alisma
alaninda hareket halinde olmalar1 gerekiyor, bu yiizden de bu yontemde ikisi i¢in temas veya ¢arpigma riskinin
mutlaka degerlendirilmesi gereklidir. ilk ii¢ robot sisteminde, izlemek ve sistemi giivenlik altinda tutmak icin
geleneksel robotlarda kullanilan bilesenler yeterli olabilmekteydi ancak is birlik¢i robotlarda bu gilivenlik
diizeyi yeterli gelmemis olup 15066’ nin da hazirlanmasina neden olan gii¢ ve hiz sinirlama yontemiyle ilgili
teknik Sartname glindeme gelmistir.
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Tablo 7: insan — Robot Temas1 (Matthias, 2017)

Gegici Temas Yan Statik Temas

Iletigim etkinligi kisa (50 <ms) Temas siiresi “uzatild1” Insan viicudu

Tamm geri tepemez

Insan viicudu kismu1 geri tepebilir

o Tepe kuvvetleri, basinglari, gerilmeler , .
Limit Kriteri . L . . Tepe kuvvetleri, basinglari, gerilmeler
Enerji transferi, gii¢ yogunlugu

Tasarim ve Etkili kiitle (robot poz, yiik) Hiz Kuvvet (Eklem torklari, poz)

Kontrol Erisimi Temas alani, maruziyet siiresi Temas alani, siiresi
O

v

eff

Carpismanin etkisini azaltmak, ¢arpisma sirasinda robotun hizini ve uyguladigi kuvveti diisiirmek icin
cesitli sensorlerden faydalanmak gerekecektir. Aslinda kolaboratif ¢alisma ortami tanimina en uygun olan bu
yontemde, kazay1 dnlemekle beraber, kaza sonrasinda robotun operatore verecegi zararlari en aza indirgemek
icin sistem tasariminin ve risk degerlendirmesinin kolaboratif/ is birlik¢i caligmaya en uygun sekilde yapilmasi
gereklidir. Ornegin, robot iizerinde, sikisma olasiligi olan yerlerde ezilmeyi azaltmak icin kolay sdkiilebilir
iiniteler, emniyet svigleri veya soft mafsal denilen ve sikisma sirasinda operatdre daha aza zarar verecek
parcalar kullanilmalidir. Sikigma sirasinda robotlarin operatdrlere uygulamalarina izin verilebilecek kuvvet
limitleri ve insan viicudunun maruz kalabilecegi kuvvet degerleri ISO/TS 15066 dokiimanlarinda verilmistir.
Tasarim sirasinda varsayilan bu degerler sisten devreye alinmadan yerinde Ol¢iilenmeli ve dogrulanmalidir.

Sekil 3: Gii¢ ve Kuvvet Sinirlama Y6ntemiyle Tlgili Temsili Resim (Matthias, 2017)

Bu 6lgiimler, tasarim sirasinda kurgulanan senaryo dogrultusunda yapilmali, 6l¢tim sonunda azami ¢alis-
ma hiz1 ve bir kaza aninda robotun operatore uygulayabilecegi maksimum emniyetli kuvvetler belirlendikten
sonra sisteme bu bilgiler tanitilmalidir. Yapilan bu dl¢limler her bir tiretim prosesi i¢in farkli oldugundan fire-
tim gami degistikten sonra dl¢timler dogrultusunda belirlenen yeni degerler yeni prosese tanitilmalidir. Yik-
sek hiz istenen, agir keskin veya sivri parcalarin liretim vb. proseslerde is birlik¢i robotlarin kullanimi uygun
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olmayabilir, o yilizden siparis Gncesi robot tasarimi yapan firmayla robota yaptirilacak islerin detayli bir sekil-
de tartigilmasi, prosesin is birlik¢i robot i¢in uygunlugunu dogrulanmasi yararli olacaktir. Riskli ve karmagik
proseslerde genelde bu yontem tercih edilir ancak bazi proseslerde yukarida belirtilen sistemlerden ikisinin bir
arada kullanilmas1 miimkiindiir. Ornegin, senaryo dogrultusunda, risk degerlendirmesi yapilirken, giivenlik
acisindan diisiik hizlar uygun goriilebilir, bu da diisiik tiretim hiz1 demektir, ancak proseste zorunlu olmadik¢a
operatoriin is birlik¢i calisma alanina girmemesi saglanirsa, o zaman hiz da artirilabilir, baz1 karmasik iiretim
proseslerinde kolaboratf robotlar da kullanilabilir. Ancak biitiin bu tasarimda emniyet 6n planda olmalidir.

Combination of SSM and PFL

Performance Bonus?

,,,,,,,, Speed and separation monitoring (SSM) only
-------- Power and foree limiting (PFL) only
-------- Combination: both PFL + SSM in same robat

i _ PFL+ SSM

k-} -

2

g SSM

7]

k=] H

8 H

g |

Vi ..-..

PFL

0 : Distance robot-human d

Intrusien distance

Sekil 4: Smurlandirilmis Giivenli Durus ile Gii¢ ve Kuvvet Smirlama Sistemleri Kombinasyonu (Matthias, 2017)

Risk assessment

— Describe use cases
— |dentify hazards, i.e. any sort of physical contact with manipulator, tool,

work piece; these are to be avoided: no contact with moving robot
- For each hazard, determine
S + severity, probability of occurrence, frequency of exposure, possibility to
/ avoid at occurrence
- Evaluate risk (e.g. ISOTR 14121-2)

— If risk level not acceptable, determine and implement risk reduction
measures, For $SM applications, this means in real time, measuring §,
adjusting speed vy, pausing motion if needed, modifying path if needed,
triggering stopping function if needed to prevent moving contact,

Effective approach speed (closing speed): consider possible motion of operator.
- Proper design and verification needed to confirm viability of
_ , ) application. Consider stopping distance (current load, pose, speed),
V="vp 'i?l condition of brakes (to hold manipulator + load), behavior of operator,

Derive measures of economic performance such as floor space usage,
average application throughput, initial investment, etc.

Sekil 5: Planlama ve Devreye Almadaki Zorluklar (Hiz ve Mesafe izleme SSM) (Matthias, 2017)

Risk assessment
— Describe use cases

Robot
— Identify hazards, i.e. describe possible contact cases

+ Exposed body regions, associated loading limit criteria
- For each hazard, determine

« severity, probability of occurrence, frequency of exposure, possibility
fo avoid at occurrence

- Evaluale risk (e.g. ISO/TR 14121-2)

- If risk level not acceptable, determine and implement risk reduction
measures. For PFL applications, this means a suitable combination of
change application layout, reduce speed, if possible increase contact
surface areas. Note that manipulator, end-effector, work pieces,
environment must all be considered.

- To confirm application viability, use verification tools incl. simulation
to establish safety configuration (e.g. speed limits, safeguards,
sensors, etc.) and economic performance of overall application (e.g.

Human average production throughput, etc.)

Sekil 6: Planlama ve Devreye Almadaki Zorluklar — (PFL Gii¢ ve Kuvvet Sinirlama) (Matthias, 2017)
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4. KOBOT VE RiSK DEGERLENDIRMESI

Risk degerlendirmesi, robotlarla birlikte calisirken hayatin bir gercegidir. Isbirlik¢i robotlar, insanlarla
birlikte giivenli bir sekilde calisacak sekilde tasarlanmis olsalar dahi, bunlar1 kullanirken mutlaka bir risk
degerlendirmesi yapilmasi gerekir. Gilivenlik sensorleri, performansi diisiirmeden bir robotla ¢alisma riskini
azaltmanin iyi bir yolu olabilir. Hiz ve ayirma izleme i¢in glivenlik sensdrleri kullanilarak, bazen is birlik¢i
gorevler icin de endiistriyel robotlar kullanilabilir.

Bununla birlikte, riski azaltmak i¢in sisteme sadece bir giivenlik sensoriiniin dahil edilmesi yeterli bir
¢oziim degildir. Robot yiiksek hizlarda galistirildiginda, performans: artirmak icin tercih edilebilir. Ornegin
ongoriilen ¢alisma hiz1 250 mm/sn olan bir robota giivenlik sensorii ilavesiyle hiz 750 mm/sn.ye ¢ikarilabilir.
Cevresinde operatdr olmadig1 zaman robot bu hiz degerinde ¢alismasina devam eder.

4.1. Kobotlarda Giivenlik i¢in Tasarimin Temel Ilkeleri

Uretim tesislerinde daha once cesitli mekanik ydntemlerle, baz1 makine ve aletlerin yardimiyla yapilan
isler, hizla gelisen yeniliklerle birlikte otomatik makinelerle yapilmaya baslandi, teknolojinin daha ¢ok
kullanilmasiyla da birlikte evvelden insanlar tarafindan yapilan bir¢ok is robotlarla yapilmaya baslandi.
Aslinda onlarca yildir kullanilan endiistriyel robotlar, son on seneden beri de yerlerini kolaboratif robotlara
terk etmeye basladi. Robotlarin daha hizli, daha kaliteli ve verimli ¢calismalara bir¢ok isletme sahibine ¢ok
cekici geldi. Robotlarin kullaniminin artmasiyla birlikte, neden olabilecekleri olasi is kazalar1 ve tehlikelerle
ilgili standart yonetmeliklerin de ayni1 hizda artmamis olmasi, kobotlarin tasarimi ve iiretimi sirasinda bazi
risk degerlendirmelerinin yapilamasini giindeme getirdi. Robot iireticileri her ne kadar tasarim sirasinda olasi
riskler goz Oniine alarak tasarim yapsalar dahi, daha sonra bir sisteme entegre olarak calisacak robotun o
igsyerinde kendisine verilecek gorevi yerine getirirken neden olabilecegi olasi risklere iliskin degerlendirmeleri
de mutlaka takip etmelidirler, iirettikleri standart kobot ¢ok biiyiik bir olasilikla entegre oldugu sistemde bir
takim olumsuz tavirlar sergileyecektir.

Geleneksel endiistriyel robotlar, daha ¢ok tehlike olusturabilecek agir isleri yaptiklari i¢in miimkiin oldugu
kadar kendilerine citlerle ayrilan ¢alisma hiicreleri icerisinde ¢alisiyorlardi. Kobotlarin glindeme gelmesi ile
birlikte robotlarin operatorlerle is birligi igerisinde ¢alismalar1 gerektiginden, bu is birlik¢i ¢alisma sirasinda
her endiistriyel robotlarda glindeme gelmeyen kor noktalarin ve robot/operator temaslarinin da incelenmesi
gerekli oldu.

4.2. Kobot Risklerini Anlamak icin Kaynaklar

Bu robotlarin “is birlik¢i” olarak adlandirilmasi ve insanlarla birlikte ¢caligma hiicresi iginde ¢alisan ro-
botlar olarak faaliyet gdstermesi, kobotlarin giivenli oldugu anlamina gelmez. Uygulama geregi, elinde bigak
tutan bir “is birlik¢i” robotun ek giivenlik 6nlemleri olmadan ¢alismasi artik hic de giivenli degildir. Isbirlik-
¢i bir robotik hiicresi tasarlarken miihendisler, kobotun amaglanan uygulamasini ve yerlestirilebilecegi
ortami1 dikkate almali, ardindan her kullanim durumu i¢in bir giivenlik plan1 gelistirmelidir.

ISO /TS 15066 ve RIA TR 15.606, bugiin sektordeki is birlik¢i robotik hiicreler i¢in gegerli olan en yeni
ve en onemli giivenlik standartlaridir. Bunlar, dort tiir is birligi robotik hiicresinin her biri i¢in glivenlik gerek-
sinimlerini vurgular:

*  Smnirlandirilmis giivenli durus,

* Elle yonlendirme,

e Hiz ve mesafe izleme,

* Giig ve kuvvet smirlama,

» Ek standartlar, is birlik¢i robotik hiicrelerde bulunabilecek diger tehlikeler hakkinda ek bilgi saglar.
» UL 1740 (Robotics and Robotic Equipment)

28 ENDUSTRIYEL ROBOTLARDA GUVENLIi CALISMAYA iLISKIN ESASLAR VE UYGULAMALAR



* ANSI RIA R15.06 (Industrial Robots and Robot Systems)
* CAN/CSA Z434 (Industrial Robots and Robot Systems)

« EN/ISO 10218-1

« EN/ISO 10218-2

4.3. Riskin Degerlendirilmesi

ISO /TS 15066 (RIA TR 15.606) dort farkl tipte is birligi operasyonunu ana hatlartyla belirtirken, bugiin
sektorde kullanilan temel is birligi formu gii¢ ve gii¢ sinirlamasinin 6ngoriildiigii uygulamadir. Robotla is bir-
lik¢isi operator arasindaki ¢arpismada olasi etki sinirlamasi, tasarim sirasinda,kendiliginden veya robotun gii-
venlik dereceli bir kontrol linitesiyle kuvvet veya hiz parametrelerini ayarlama gorevi robota kazandirilmistir.

ISO / TS 15066 ve (RIA TR 15.606) tarafindan gerekli goriilen degerlendirmenin ilk adimi, EN / ISO
12100 uyarinca bir risk degerlendirmesi yapmaktir. Bu risk degerlendirmesi, is birlik¢i ¢alisma alaninin ta-
mamint, erigimi, a¢ikliklar1 ve bir operatdriin robotla nasil etkilesime girecegini goz onilinde bulundurmalidir.
Operator ve robot arasindaki makul olarak 6ngdriilebilir her temas durumu dikkate alinmalidir. Degerlendirme
sirasinda, proseste herhangi bir sabit yapinin dahil olup olmadigini ve robot ucundaki efektor ve is pargasi gibi
diger hususlarin dikkate almak 6nemlidir.

Risk degerlendirmesi, asagidaki iki durumdan her bir temas tiiriiniin niteligini belirlemelidir:
Gegici Temas: Bos bir alanda robotun veya insanin tirkiip geri ¢ekilecegi temas.

Yar Statik Temas: Operator ile robotun bir boliimii arasindaki temas. Bu durumda operatdriin herhangi
bir boliimii veya organi hareket halindeki robot kolu ile robot hiicresi igerisindeki sabit veya hareketli bir ma-
kine pargasi arsina sikisabilir.

Temas tiiriine bagl olarak, ISO / TS 15066 & (RIA TR 15.606) insan viicudunun her bir par¢asina gele-
bilecek darbe veya sikistirmalar igin bir darbe kuvveti ve basing sinir1 tavsiye eder. Insan viicudunun gesitli
yerlerine temas sonucu uygulanan kuvvet sonrasinda baslayan agr1 baslangi¢ seviyelerine agr1 esigi adi verilir.
Viicudun darbe alabilecegi olas1 noktalar belirlendikten sonra bu noktalara ¢esitli degerlerde kuvvet uygulanir
ve agr1 baslama degerleri belirlenir, her bir temas sonrasinda temas durumu belirlenir, siniflandirilir ve insan
viicudunda test edilerek dogrulanir.

Yari statik temas durumlari i¢in, insan viicudunun her bir parcasinin temel 6zelliklerini taklit eden uygun
bir test cihazi kullanilarak bu dogrulama yapilir. Test sirasinda viicutta olasi darbe bolgelerinde sertlikler de
farklilik gostereceginden, test sonucunda ¢ikarilacak olan ve basing/agr1 esiginin islenecegi haritalarda bu hu-
susa ¢ok dikkat etmek gerekir. Test sirasinda uygulanacak en kii¢lik degerden en biiylik degere kadar olan ba-
sin¢ degerleri ve viicudun buna olan etkisi haritalarda islenmeli ve dogrulanmalidir. Her bir ¢arpismadan elde
edilen veriler kaydedilir ve ISO / TS 15066 ve RIA TR 15.606’da yayinlanan sinir degerlerle karsilastirilir.

Gegici temas durumlari iki ayr1 sekilde degerlendirilebilir. Ik yontemde, robot sistem kiitlesi ve de viicut
bolgesi kiitlesinin ikisi de hesaba katilmalidir. Bu, test cihazinin serbestce hareket etmesini saglayan bir cihaza
takilmasi gerektigi ve ayrica bu test cihazinin da test edilen viicut parcasinin etkili kiitlesi ile ayni kiitle olmasi
gerektigi anlamina gelir. Etkin kiitle, ISO / TS 15066 nin (RIA TR 15.606) tablo A.3’iinde tanimlanmustir.
Daha sonra yart statik prosediiriiyle ayni test prosediirii izlenir.

Ikinci  degerlendirme ydnteminde, fiziksel testin aksine matematigi kullanir. Her bir viicut bolgesi
icin izin verilen maksimum enerji transferi, ISO / TS 15066 nin (RIA TR 15.606) Tablo A.2’sinde verilen
maksimum kuvvet veya maksimum basing degerlerinin bir fonksiyonu olarak hesaplanabilir. Hesaplama,
robotun verilen her durum i¢in gidebilecegi maksimum hiz1 gosterecektir.
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Sekil 7: Robot Carpismasinin Kuvvet/Zaman Sinyal Grafigi (Braman, 2019)

4.4. Kolaboratif Robot Risk Degerlendirmesi

Giivenlik standardi, kolaboratif robotu, tanimlanmis ortak ¢alisma alani i¢inde bir insanla birlikte ¢calismak
iizere dogrudan etkilesim icin tasarlanmig bir robot olarak tanimlar. Kolaboratif (Is birlik¢i) calisma alani,
robot sistemiyle ve bir insanin iiretim prosesi sirasinda is birligi yaparak, ayni anda gorevleri yerine getirmek
iizere kendileri i¢in ayrilmis ¢alisma boslugudur (¢alisma hiicresi).

Calisma hiicresi, is parcasi, nihai efektor, fikstiirler ve robot tarafindan kontrol edilen herhangi bir cihazi
iceren robot sistemini kapsar.

Robot ve Robot Sistemleri ve bunlarin gilivenlik gereksinimlerine iliskin daha fazla bilgi,
ISO 10218 Bolim 1 &2 / ANSI RIA15.06-2012. ISO 10218 boélimler 1 & 2 ve ANSI RIA15.06-
2012 harmonize (Harmonize standart, Avrupa BirligZi uyum mevzuatinin uygulanmasi ig¢in
Avrupa Komisyonu tarafindan yapilan talebe dayanarak kabul edilen standard1 ifade eder) standartlarda mev-
cuttur.

Gereksinimler: Tiim endiistriyel is birlik¢i robot sistemleri i¢in mutlaka risk degerlendirmesi yapilma-
st gereklidir. Entegrator, ilk risk degerlendirmesinin tamamlanmasindan sorumludur. Robot ve operator(ler)
arasinda temas olabilecegi iizerinde dikkatlice durulmalidir. Son kullanici tasarim sirasinda yapilan ilk risk
degerlendirmelerine iligkin bilgileri korumali ve ¢alisma sirasinda mutlaka bu ¢aligmaya sadik kalinmasini
saglamalidir. Isbirlik¢i ortamda gerceklestirilecek prosesin gerektirdigi giivenlik énlemleri ilk degerlendirme-
deki bilgilerle birlikte kullanilir hale getirilecektir. Risk degerlendirmesi sirasinda, liretim siirecinde yetkisiz
kisilerin is birlik¢i calismaya ve sisteme yapabilecekleri gereksiz miidahalelere kars1 alinmasi gereken koru-
yucu 6nlemleri de giindeme almak durumundadir. Bu degerlendirme sirasindaki kullanilacak detayli bilgiler,
ISO 10218 / ANSI RIA 15.06’da verilmistir.

Gorev Tamimi: Robot hareket etmese bile sistemdeki diger birimler ¢calisma halinde olabilir, bu yiizden
risk degerlendirmesi sirasinda, robotun da i¢inde yer aldig1 sistemin tiimii ile birlikte dikkat edilmesi gereken
hususlar Sunlardir;

* Operator hangi siklikta ve ne kadar stireyle is birlik¢i ¢alisma ortaminda bulunacaktir,

* Robotun operatdre temas etme olasilig, frekansi ve her temasin ne kadar siirecegi. Eger temasin bag ve
boyunda olma olasilig1 yiiksekse uygulamanin mutlaka gézden gecirilmesinde yarar vardir.
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« Isbirlik¢i caligma alania giris veya bu alandan ¢ikis prosesi ne dlgiide etkilemektedir.

* Eger caligma alanina birden fazla operatoriin girmesi sdz konusu ise sistemdeki kamera, sensor veya di-
ger algilayicilarin bu olasilik diisiiniilerek tasarlanmasi,

» Eger liretim siirecinde, robota ek gorevler verilecek ise sistemdeki izleme ve giivenlik gorevleri gozden
gecirilmeli, izleme verilecek ek goreve gore yapilmali,

* Proses sirasinda olasi ¢arpmalar sonunda operatorde olusabilecek sikisma veya ezilmenin tehlikeli bol-
gelerde olma olasilig1 mevcutsa, bu durum tasarimin yeniden gézden gecirilmesine neden olabilir, ek
giivenlik 6nlemleri alinmasi diisiiniilebilir,

* Hangi olagan dis1 durumlarda robotun elle kumanda edilmesi gerekebilir,
» Sistemi farkli hizlarda ¢alistirma modlari, tehlike seviyelerini degistiriyor mu?

* Her bir uygulamada proses geregi degerlendirilecek asamalar da farkliliklar gdstereceginden, iiretim pro-
sesi ayrintili bir sekilde incelenip prosesin tehlikeye neden olabilecek kilit noktalar1 belirlenmis mi?

Tehlike Tanimlama ve Risk Azaltma: Gerekli giivenlik 6nlemleri altinda ¢alisan ve tehlike yagsanmayan
geleneksel endiistriyel robotlar, is birlik¢i ortamlarda ¢alismalar1 s6z konusu oldugunda yeni tehlikeler giin-
deme gelebilir. Bu ylizden de endiistriyel robotlarin is birlik¢i ortamda kobot olarak kullanilmalar1 sirasinda
robot kolu ¢atal veya kiskac, fikstiirli ve parca yonlendirme i¢in tasarimin yeni konsepte gore yeniden yapi-
landirilmasi gerekir. Bu yeniden yapilandirma sirasinda gézden gegirilmesi gereken hususular S$oyledir;

« Isbirlik¢i ortamdaki calisma sirasinda, robot operatdre temasi sirasinda operatdre zarar verebilecek
asir1 bir sicaklik s6z konusu mudur? Ornek olarak robot operatdriin goz seviyesinde sicak yapistirma is-
lemi yapan bir tutkal tabancasi ile is yapiyor olabilir.

* Bu durumda sicak tutkal tabancasi hareketinin operatoriin géz seviyesine uzak bir konumda calisacak bir
sekilde ve operatoriin goziinii koruyacak bir KKD ile koruyacak sekilde tasarlanmasi gerekir.

* Robot kolu ucundaki kiskag veya fikstiirdeki kuvvet yaralanmaya neden olabilecek diizeyde ise bu
kuvvetin azaltilmas1 miimkiin miidiir? Bu durumdaki tasarim kriterleri, {iretim siirecini robot ucundaki
kelepgelerin agip kapama islemini operator ¢alisma alani disindayken yapabilir sekilde veya operatorle
herhangi bir temas olup operatoriin bir kuvvet uyguluyor olmasi durumunda robot kolunu hemen geri
cekebilecek bir sekilde tasarlamak gerekecektir. Bu durumda, daha yumusak malzeme kullanilarak ke-
narlar yuvarlatilip daha genis temas ylizeyleri olusturularak gelecek darbenin etkisi azaltilabilir.

* Olas1 kabul edilemez temas risklerini azaltmak ic¢in robot 6zellikleri ve operator konumu nasil degisti-
rilebilir? Robotun beklenmedik bir sekilde devreye girmesi operatorii iirkiitiiyor ise, baglama sinyalleri
kullanilir veya tekrar baslatma goérevi operatore birakilir.

* Bir parcanin diismesi gibi, beklenen ve beklenmeyen her tiirlii hareket i¢in operatoriin olas1 hareketini
diistinmeliyiz. Yorgunluk, stres, refleks, yetenek ve kesintilerde her insanin tepkisi ayni1 olmayacaktir.

+ KKD operatoriin ¢aligmasini etkileyebilir mi? Eldivenler veya operatdriin elbisesinin robota dolagmasi
neticesinde, robotun kurtulmak iizere yapacagi ani hareket daha tehlikeli bir durumun olusmasina neden
olabilir mi, acil bir durdurma diigmesine gerek var m1?

*  Operatdr, kaynak kivilcimlari veya lazer kesici gibi kalkan gerektiren bir uygulamaya yakin midir? Ure-
tim yapilan is birlik¢i hacmin yerlesim planini degistirerek veya varsa uygulamaya yonelik koruyucular
kullanarak operatoriin bu tehlikelere maruz kalmasi 6nlenebilir mi?

« Isbirlik¢i veya is birlik¢i olmayan ¢alisma hacimleri olarak tanimlanan bdlgeler operatdr tarafindan tam
olarak anlasilmis m1 ve gerektigi gibi kontrol altina alinmis midir?

Risk azaltma onlemleri yeterli koruma saglamayabilir. Geleneksel sistemlerde risk azatlimi giivenlik
koruma yéntemleriyle yapilir. Isbirlik¢i uygulamalarda robotun tasarimi sirasinda risk azatlimi da mutlaka

ENDUSTRIYEL ROBOTLARDA GUVENLI CALISMAYA iLISKIN ESASLAR VE UYGULAMALAR 31



tasarima dahil edilir. Risk azaltimini saglayarak operatorii yaralanmadan koruyacak baslica dnlemler, robo-
tu durdurma, kuvvet ve hiz1 simirlamadir. Ornegin, sinirlandirilmis sahaya yaklasan operator alani izleyen
tarayicilar tarafindan tespit edildikten sonra, robota sinyal gondermeye baslar ve robotun hizini azaltmasini
saglar. Burada geleneksel robot uygulamalarindakine gore farkli olan robotu durdurmak yerine hizini azalt-
maktir. Bu islemin egitim ve isaret levhalariyla desteklenmesi gerekir. Denetim grafigi hiyerarsisi tiim ortak
uygulamalar i¢in gecerli olmayabilir. Risk degerlendirmesi sirasinda belirlenecek koruyucu 6nlemler arasinda
gerekli goriildiigii takdirde alan sinirlamast ve giivenlik dereceli yumusak eksen gibi koruyucu 6nlemler de
alabilir.

Esas olan ezilme tehlikesine neden olabilecek etkenlerin yok edilmesi veya denetim altina alinmasidir. ISO
10218 / ANSI RIA 15.06’da robotla operator arasinda olmasi gereken minimum mesafe 500 mm olmasi veya
koruyucu onlemler kullanilmasi 6nerilse de durum endiistriyel robotlara gore farklidir. Ek gereksinimler, TS
15066°nin énerdigi, hiz ve ayirma izleme ile gii¢ ve kuvvet smirlayici boliimlerdir. Isbirlik¢i operasyonlar ile
giivenlik denetleyicisinin denetimi durdurmaya devam edisi arasindaki gegis siiresi sinirint belirlemek igin
ISO 12100’nin tavsiyelerine uymak gerekir.

5.1SG ACISINDAN KOLABORATIF ROBOTLAR VE UYGULAMALAR
5.1. Robot Secimi Sirasinda s Giivenligi Acisindan Alinmas1 Gereken Onlemler

Is birlik¢i robotlarda da is saghigi ve giivenligi agisindan giindeme gelebilecek risk ve tehlikeleri bertaraf
etmek veya minimize etmek i¢in bu robotlarin kullanilacaklari proseslerin ¢ok iyi analiz edilmeleri gerekir. Bu
nedenle de se¢im sirasinda risk analizlerinin yapilmasi ve bu konudaki standartlarin hassasiyetle incelenmesi
biiyiik 6nem tasir.

Robot tasarimina gegmeden Once, herhangi bir prosesin incelenmesi sirasinda;
* Robotun ¢alistirilacagi ortamdaki sicaklik,

* Proses sirasinda robotun herhangi bir makine veya ekipmanla temas etmesi gerekiyorsa temas noktasin-
daki sicaklik degerleri,

*  Ortam nemliliginin robotun ¢alismasini olumsuz etkileyecek degerlerde olmamasi,
* Robotun ¢alisacagi ortamda bulunabilecek parlayici, patlayici veya yanici kimyasallar,

» Proses geregi, robotun iiretim sirasinda herhangi bir kimyasalla temas etmesi s6z konusu ise tasarimin
buna gore yapilmasi,

* Calisma ortamindaki yiiksek akim veya gerilim kaynagi 6zel muhafazaya alinmals,

* Mevcut topraklamanin yeterli olup olmadig1 en az yilda bir 6l¢tiiriilmeli,

» Topraklama hatti1 korunmali ve mekanik darbelere maruz kalmamali,

* Kopmasi halinde sistem ¢alisir ancak ¢ok biiylik ¢arpilma riski olusturur,

» Robotun ¢alisacagi kodun 6zellikle deniz seviyesinden 1000 metreden fazla olup olmadig,
* Robotun ¢aligsacagi zeminin olusabilecek titresime reaksiyonu,

» Eger robotta uygulama geregi olarak gérme sensorleri varsa ¢alisma ortaminin tozlanmay1 dnleyecek se-
kilde tozsuzlastirilmasi, ortamda yagli ugucularin ve buharin olmamasi, ek bir havalandirma veya tozsuz-
lastirmaya gerek olup olmadigi,

* Robotun ¢alisacagi ortamin elektrifikasyonunun ve UPS hattinin robot {ireticisi firma tarafindan 6nerildigi
Sekilde hazirlanmasi,

» UPS cihaz1 fazla yiiklenmemesi i¢cin UPS hatt1 ayr1 ¢ekilmeli ve sadece kesinti istenmeyen 6zel makineler
icin kullanilmasi,
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* Robotlarin ¢alisacaklar1 ortamlarin, diger makinelerin yiliksek geriliminden etkilenmeyecek bir Sekilde
belirlenmesi,

* Robotlarin calisacaklar1 ortamlarin zeminleri son derece dnemlidir. Bugiinkii robotlar 7-8 eksende ¢a-
ligmak iizere programlandiklari i¢in, robotlarin ¢alismalari sirasinda zeminde ¢esitli yonlerde gerilmeler
olacaktir, zemin biitlin bu gerilmeleri karsilayabilecek Sekilde tasarlanmalidir. Zeminin statik hesapla-
11 yapilirken gerekiyorsa robotun baglant1 ayaklarina kalin plakalar yerlestirilmelidir. Baglant1 detaylar1
mutlaka tiretici firma onerileri dogrultusunda hazirlanmalidir.

* Robotun ozellikleri, ¢alisma ortami, tasima kosullar1 ve ¢alisma siireleri gz oniine alinarak uygun bir
bakim programi tasarlanmalidir,

Devreye Alma ve Bakim Sirasinda Yapilmasi Gerekenler: Endiistriyel robotlarda oldugu gibi, kolabo-
ratif robotun montajinin tamamlanip, robota enerji verilmeden dnce robotun ¢alisma sahasinda (robot kollari-
nin ¢aligsma sirasinda siipiirecegi alanda) hi¢cbir ¢alisan bulanmamasi saglanarak robota ilk enerji verilmelidir.
Bu islem mutlaka iki kigiyle yapilmali, bir kisi makineye yol verirken digeri acil stop diigmesinin basinda
durmalidir. Bunun yansira robot kollariin planlanan disinda hareket etmesi durumunda montaj elemaninin
caligma sahasini kolayca terk edebilmesi i¢in koruyucu duvarlarin yerlestirilmemis olmasi gerekir.

Robotun Kullanim Sirasinda Giivenligin Saglanmasi: Ozellikle kolaboratif robotlarm segiminde,
mutlaka kullanacagimiz uygulamada deneyimli iireticilerin se¢ilmesinde yarar vardir, zira hicbir robot i¢in
%100 giivenlidir diyebilmek miimkiin degildir. Bu durum 6zellikle, robotun ilk kurulum, devreye alinma ve
operatoriin deneyim kazanmasi siirecinde son derece onemlidir. Robotlarin kullanildigi ortamlarda olusan is
kazalarina baktigimiz zaman, genellikle asagida belirtilen hususlar goz ardi edildigi takdirde kaza olasilig1
artmaktadir.

* Robot, 6zellikle operatorsiiz calismak {izere tasarlanmis ise, robot higbir zaman, ¢alisacagi alanda ¢alisan
olmadiginin onaylanmasindan 6nce hareket etmemelidir.

» Eger robot otomatik ¢alisma modunda ise, lizerindeki veya koruma c¢iti tizerindeki sensorler ¢alisma ala-
nina birisinin girdigini tespit edip operasyonu durdurmalidir.

» Eger robotun ¢aligma ortami giivenlik ¢iti veya 151k bariyerleri tarafindan denetleniyorsa, bu elemanlarin
calisir durumda olmalar1 gerekir,

* Bazi durumlarda, robotlarin aniden c¢alistig1 ve operatorlere zararli oldugu durumlar olabilir, bu durum-
larin olmamas1 i¢in mutlaka ¢alisma prosediirlerinin ayrintili hazirlanmasi gerekir, bu tiir kazalarin ana
nedeninin prosediir eksikliklerinden veya prosediirlere tam uyulmamasindan kaynaklandigi bilinmektedir.

Yukarida belirtilen is kazalarinin olmamasini saglamak igin;

* Son nesil robotlarda, birlikte calisan operatoriin kazara robota degmesi halinde bile robot duracaktir, ancak
bu ger¢eklesmedigi takdirde ¢alisan bu temastan ciddi zarar gorebilecegi i¢in, operatdrlerin robotun calis-
ma sahasina girmemesi ve robota yaklasmamasi konusunda mutlaka uyarilmalar1 ve egitilmeleri gerekir,

* Robot ¢alismadigi durumlarda da aniden ¢aligmasi durumunda gevresine zarar verebilecegi varsayilarak,
mutlaka kilitlenmelidir.

* Her ne kadar, robotlar kendilerine 6gretilen hareketleri hi¢ usanmadan giinlerce, haftalarca yapabilme ye-
tenegine sahip olsalar da stirekli olarak hareketlerinin izlenmesi mutlaka yararl olacaktir,

* Robotlar ¢esitli eksenlerde, degisik eklemleri vasitasiyla ¢alismak iizere programlandiklari i¢in birlikte ¢a-
lisanlarin bu hareketler sirasinda her an acil diigmesine basabilecek durumlarda olmalar1 gerekir. Gerekli
durumlarda robot ¢evresinde acil durdurma diigmelerinin sayilarinin da artirilmasi yararl olacaktir.

* Robotlar mutlaka tasarlandiklar1 operasyonlar i¢in kullanilmalidirlar, tasarlandiklarinda farkli operasyon-
larda farkli aksesuarlarla kullanilmalari, yaralanmali hatta 6liimciil kazalara neden olabilecektir.

* Robotlarin ¢calisma sahalarinda manyetik yogunluk, giiriiltii ve titresim robotlarin hafizalarini etkileyebi-
leceginden bu olumsuzluklar incelenerek gerekli dnlemlerin alinmasi uygun olacaktir.
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* Gilintimiizde robotlar 7 veya 8 eksene kadar ¢alisabildiklerinden ¢ok miktarda ekleme sahiptirler, bu yliz-
den de robotlar tizerindeki eklemler kendilerine verilen gorevleri yapabilmek icin belirlenen zaman dilimi
icerisinde siirekli konum degistirirler. Ozellikle siire¢ baslangicinda robota komutlar dgretilirken, operatd-
rlin eklemlerin ¢alisma alani disinda olmalar1 gerekir.

» Tasarim yapilirken operatoriin yiiziiniin robota bakar konumda olmasina dikkat edilmelidir.

* Bazi durumlarda prosesin geregi olarak robot kollar1 {izerinde optik gozler bulunabilir, optik goziin iyi
caligmamasi robotun verilen gorevi yapmasini engelleyebilir, o yiizden 6zellikle tozlu ortamlarda optik
gbzlerin temiz olmasina dikkat edilmelidir.

» Proses baslangicinda robota yapacagi islerin 6gretilmesi sirasinda mutlaka hiz diisiik tutulmali, ¢evrimin
tamamen Ogretilmesinden sonra gerekli hizla denemelere baslanir.

« Isbirlikgi robotlarin birgogunda herhangi bir nedenle robotun durmasidan sonra robot kaldig
yerden prosese devam edebilir, ancak bazi uygulamalarda, proses geregi, robot kolunun harekete baglarken
baslangic noktasina donmesi gerekebilir. Bu durumun mutlaka is birligi yaptig1 operatdr tarafindan
bilinmesi gerekir, robotun tekrar baslama isleminde operatdr sesli ve 1s1kli olarak uyarilir.

* Bazi durumlarda robot sistemindeki olas1 aksaklilar sesli olarak operatore bildirilir, robottan gelecek sesli
uyarilarin ne anlama geldigi operator tarafindan ¢ok iyi bilinmelidir,

« Isbirlik¢i alana girerken mutlaka o alan i¢in éngériilen KKD’ lerin kullanimina dikkat edilmelidir.

» Herhangi bir otomatik ¢alismaya engel olmak i¢in, robot programlanirken mutlaka, iizerine robotun prog-
ramlandigina iligkin levha asilmalidir,

* Birden fala operatoriin bulundugu ¢alisma alaninda, el kumandasi 6gretimi yapan operatoriin elinde olma-
lidir, el kumandasindan talimatlar sadece bir operator tarafindan verilmelidir,

» Biiyiik ve giirtiltiilii bir fabrikada ¢esitli operatdrlerin birlikte calismasi gerekiyorsa, operatorlerin iletisimi
icin mutlaka sisteme entegre edilmis kulakliklar ve herkes tarafindan bilinen el isaretleri kullanilmalidir,

* Robotlara neler yapacagi ogretildikten sonra, robotun hareketleri veya normal dis1 hareketleri ve bunlar
karsisinda operatorlere diisen gorevler hakkinda operatorler egitilmeli ve yanlis hareketin bir kodlamasi
yapilmalidir,

* Robot programlanirken veya bir miidahale sirasinda, herhangi bir enerji donilistimii durumunda, robot
kolunun bosalma olasiligina karsi robot ylikte birakilmamali, yiiklii bir robot kolunun altinda durulmama-
lidir,

* Robotun programlamasi yapildiktan sonra, ilk deneme ¢alismalar1 tasarlanan hizin altinda yapilmali, hig-
bir sorun olmadigindan emin olunduktan sonra normal hiza gecilmelidir,

« Ik deneme galismalarmin sadece diisiik hizda yapilmasi yeterli olmayabilir, ¢iinkii bazi durumlarda {iretim,
program veya tasarimdan kaynaklana sorunlar da olabilir, bu ylizden ilk deneme ¢alismasindan 6nce biitiin
bu kontroller yapilip herhangi bir eksiklik olmadigindan emin olunduktan sonra deneme ¢alismalarina
baslanmalidir,

« Ilk deneme 6ncesi yapilan biitiin kontrollerde higbir hata yapilmadigindan emin olunsa dahi, ilk hizlari
%35-10 mertebesinde se¢ip, daha sonra hiz kademeleri artirilarak ilk denmeler tamamlanmalidir.

5.2. Kolaboratif Robotlarda Kazaya Neden Olabilecek Beklenmedik Hareketler

Robot manipiilatoriiniin, yukarida belirtilen nedenlerin herhangi biri yliziinden planlanmadig1 halde hare-
kete gecip is kazasina neden olabilecek olumsuz hareketler, tasarim sirasinda daha sonrasinda da risk deger-
lendirmesi sirasinda detaylartyla incelenmeli, sistemi denetleyecek bilesenle bu dogrultuda se¢ilmelidir. Bu
hareketlerden en c¢ok rastlananlari:

« Bagka bir operator tarafindan haber verilmeden yapilan degisiklikler,

»  Kullanmim hatasi,
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«  @Giiriiltii ve robotun ¢alisma kosullar1 nedeniyle manipiilatoriin olumsuz etkilenmesi,

« Program hatalar1 veya ¢evredeki makinelerle veya diger robotlarla olan etkilesimler,

« Robot kolu iizerindeki kumanda veya izleme iinitelerinde giindeme gelebilecek ani arizalanmalar,

« Kilitlenmeyi bekleyen ancak gerekli 6nlem alinmadig i¢in robot kiskacinda olusabilecek ani bosalmalar,
Robotlarim Otomatik Cahsma Diizenine Gecmesinden Sonra Alinmasi1 Gereken Giivenlik Onlemleri:

* Vardiya baslarinda, calistirma 6ncesi belirlenen risk kontrol listesindeki onlemler gozden gecirilmelidir,

* Giivenlik citleri iizerine is birlik¢i bolgeye girilmesinin yasak oldugunu belirtilen levhalar asilmali robo-
tun ¢alismaya baslamasi gorsel olarak ¢evreye duyurulmalidir,

* Otomatik baslama moduna girecek olan robot mutlaka ¢alisma bolgesinde operator veya baska birinin
olmadigin algilayabilecek donanima sahip olmalidir.

* Robota otomatik moda ge¢cme talimati verilmeden dnce, robotun isleme baslayacagi program numara-
sindan, adim numarasindan ve robotun otomatik baslatma komutuna hazir oldugundan emin olunmalidir,

* Herhangi bir nedenle robotun ¢alisma alanina girilmis olmasi durumunda robot kendine 6gretildigi gibi
duracaktir, operator kendisi i¢in bulunmasi yasak olan bu bolgeyi terketmeden dnce kesinlikle robota bagla
komutunu vermemeli, izleme sistemi de buna gore tanimlanmalidir,

» Kolaboratif robotlar genelde, kaldiklar1 veya durdurulduklar1 yerden itibaren ¢alismaya bslarlar, bazi du-
rumlarda durduklar1 konumda operatdriin herhangi bir 6l¢iim veya ariza giderimi yapmak i¢in robot kolu
baska bir konuma ¢ekilebilir, genelde ilk baslama komutuyla birlikte robot kolu 6énce durduruldugu ko-
numa gelecek ondan sonra stirecin geri kalan kismin1 tamamlamak tizere harekete gececektir. En tehlikeli
duruslardan biri olan bu durumlarda, operatdriin biitlin isini tamamladiktan sonra robot yoriingesi disina
cikip ondan sonra start diigmesine basmasi gerekir. (Sezai, 2015)

6. INSAN VE ROBOT iS BIRLIGINDE GUVENLIiK VE ERGONOMI

Is birlik¢i robot (kobot veya hafif robot), insan-makine etkilesiminden (HMI) yeni paradigmalar sunarak,
paylasilan ve giivenlik ¢itleri olmayan hatasiz bir ¢alisma alaninda insanlarla fiziksel ve giivenli bir sekilde
etkilesime girebilen 6zel bir endiistriyel robot tiiriidiir. Uluslararas1 Robotik Federasyonu (IFR), is birlik¢i
endiistriyel robotlari, endiistriyel ortamlarda ¢alisanlarla is birligi i¢cinde gérevleri yerine getirebilenler olarak
tanimlamaktadir (IFR 2019). Isbirlik¢i ¢alisma alan1 kavrami, “robot sistemi (is parcasi dahil) ile bir insanin
iiretim operasyonu sirasinda ayni anda gorevleri yerine getirebilecegi ¢alisma alani igindeki alan™ olarak
ozetlenebilir (ISO 2016, s. 8). Genelde, isbirlik¢i robotik, Endiistri 4.0’ ana siber-fiziksel etkinlestiren
teknolojisidir ve tekrarlanabilirlik, dogruluk ve yiik gibi tipik makine giiclerini esneklik, uyarlanabilirlik ve
karar verme gibi insan becerileriyle eslestirerek tiretim performanslarini ve operatorlerin ¢aligma kosullarini
iyilestirmeyi amaglamaktadir.

Is birligine dayal1 robotigi tanitirken, en dnemli kisim emniyettir. Aslinda, is birlik¢i ve geleneksel endiist-
riyel robotlar arasindaki temel fark, kobotlarin, robot ¢aligma alanini izole etmeye gerek kalmadan hibrit ve
hatasiz is hiicrelerinde fiziksel olarak robot/insan is birligine izin verecek Sekilde tasarlanmasidir. Geleneksel
endiistriyel robotlar, agir, giivenli olmayan ve tekrarlayan siirecleri gerceklestirmede insan operatorlerin yerini
alarak tiretim verimliligini artirmak icin tasarlanmiglardi. Giivenlik gereksinimleri nedeniyle, geleneksel bir
yiiksek performansli manipiilator, robot faaliyetlerini izole etmek ve dolayisiyla operatorleri beklenmedik ve
istenmeyen temaslardan korumak i¢in korumalara (fiziksel engeller veya optik cihazlar) ihtiyag duyar. Isbir-
ligine dayal1 uygulamalar dogrudan insan/robot is birligine izin verdiginden geleneksel giivenlik ¢ézlimlerine
gerek kalmamistir. Sonug olarak, operatorlerin is giivenligini ve ergonomisini saglamak i¢in diger sistemlerin
is birlik¢i robotun iizerine entegre edilmesi gerekli olmustur. Bu sistemler, robot performansina ve etkilesim
seviyesine bagli olarak secilmeli ve uygulanmalidir, genel olarak geleneksel endiistriyel robotlardaki giivenlik
¢oziimlerine gore daha zorlu ve karmasiktir. Bu nedenlerden dolayn, is birlik¢i robotlarda, ISG gerekliliklerini
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saglamak daha zor olacaktir, ama mutlaka insan/robot etkilesiminde veya is birliginde emniyet ve ergonomi
kosullariin saglanmasi gereklidir.

6.1. Endiistriyel Robot Giivenligine Giris

Tehlikelerin dogasi dikkate alindiginda, ISO 2010’a gore, endiistriyel makinelerle ilgili farkli tiirde mes-
leki tehlikeler mevcuttur.

Endiistriyel makineler i¢in tanimlanmis tehlikeler; mekanik tehlikeler, elektrikten kaynaklanan tehlikeler,
termal tehlikeler, titresimden kaynaklanan tehlikeler, giirtiltiiden kaynaklanan tehlikeler, radyasyon tehlikesi,
malzeme ve maddelerden kaynaklanan tehlikeler, calisma ortamindan kaynaklanan tehlikeler, risklerin kom-
binasyonu olarak siralanmaktadir.

Endistriyel insan/robot is birligi taniminda, is birlik¢i robotlarin ana tehlike/lerin mekanik yapidan kay-
naklanabilecegi bir yapida, emniyet ¢itinin olmadig bir ¢aligma ortaminda, gdrevlerin insan ve robotlar ara-
sinda paylasildig1 anlagilmaktadir. Aslinda hem insanlarin hem de robotlarin ortak bir ¢aligma alaninda bir
araya getirilmesi nedeniyle, operator ile makinenin mobil pargalari arasinda, 6zellikle robot kolu ve farkl: tipte
son efektorlerle islevsel olmayan fiziksel etkilesimlerin olusmasi olasidir. ilgili mekanik riskler uygun sekilde
tanimlanmaz, tahmin edilmez ve yonetilmezse, beklenmeyen ve istenmeyen temaslar farkli tiirde carpigmala-
ra ve ezilmelere neden olabilir. Ozellikle mekanik tehlike, iscilerin dogrudan veya dolayli olarak is siireci ile
ilgili nesnelerle temasa gegmesi durumunda ortaya ¢ikabilecek fiziksel bir tehlikedir. Etkiler genellikle hemen
ortaya cikar ve insanlarin yaralanmasina neden olabilir. Yogunluk seviyesi, ilgili is ekipmaninin hiz, kiitle ve
geometri gibi fiziksel 6zelliklerine gore degisebilir. Tipik mekanik tehlike, tezgahlar, tezgahta islenen/islen-
memis is parcalari, ekipmanlar, iretim atiklari, {iretim sirasinda olusan kati veya siv1 atiklardan kaynaklanan,
ezilme, yaralanma, kesilme, sikisma, carpma, olasiligindan kaynaklanmaktadir. Diger temel mekanik tehlike-
ler, yliksek basingli s1v1 figkirtmasinin yani sira kayma, takilma ve diisme nedeniyle olusabilir.

6.2. Endiistriyel insan-Robot Etkilesiminde Is Giivenliginin Temelleri

ISO 2010 a’ya gore, risk degerlendirmesi, risk azaltma hedeflerine ulasilip ulagilmadigini degerlendirmek
icin makine (limitler) spesifikasyonlarini tehlike tanimlamasi ve risk tahminiyle (temel olarak risk olasiliginm
ve yercekimini tanimlayan) birlestiren prosediirdiir. Geleneksel ve is birlik¢i endiistriyel robotlar igin risk
degerlendirmesi farklidir. Genel olarak, bilesenlerin standardizasyonu ve uygulamalarin yayginlasmasi ne-
deniyle, geleneksel robotik hiicrelerin mekanik risk acisindan degerlendirilmesi daha kolaydir. Bu durumda,
ortak ana risk ozellikleri sunlardir:

« Robotik calisma hiicresi izole edilmistir (dogrudan fiziksel insan/robot is birligine genellikle izin veril-
mez),

« Mekanik risk indeksleri yliksektir ve yiiksek bir yer¢ekimi seviyesi ve diisiik bir frekans seviyesi ile karak-
terize edilir (robot kolunun yiiksek kiitlesi ve hizi, yiiksek kinetik enerji seviyelerini igerir),

« @Giivenlik koruma sistemleri, nlemeye dayanir, bu da giivenlik 6nlemleri kullanilarak mekanik risk olasi-
liginin sifirlanmasi anlamina gelir,

« Spesifik robot tasarimi1 ve kontrolii sayesinde operatorler ve robotun mobil parcalari arasindaki beklenme-
dik temaslar1 azaltma imkan1 yoktur.

Bu nedenle mekanik risk yonetimi daha homojendir ve standartlastirilmistir, bu da belirli robotik hiicre
uygulamalarina daha az bagimli oldugu anlamina gelir. Robot ¢alisma alaninda is¢i bulunmamasi nedeniyle
risk yonetimi basitlestirilmistir. Isbirlik¢i robotlar s6z konusu oldugunda durum ¢ok farkl1 ve daha karmasik
olacaktir. Isbirlikci robotlarda ana risk dzellikleri sunlardir:

« Robotik hiicre is birligine dayanir (fiziksel insan/robot is birligine izin verilir),

« Mekanik risk endeksleri, uygulamaya ve potansiyel insan/robot is birligi formuna bagl olarak yercekimi
ve frekans acisindan degiskendir. Aslinda, genel uygulama sirasinda tek operatdr gorevlerine bagli olarak
degisebilir,
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« Beklenmedik insan-robot temaslariyla ilgili daha olas1 ve daha az ciddi mekanik risklere izin verilir, bu da
giivenlik sistemlerinin risk 6nleme ve azaltmanin bir karigimina dayandigi anlamina gelir.

Bu nedenle, risk yonetimi daha uygulamaya 6zgiidiir, bu da heterojen, karmasik ve olduk¢a zor standart-
lastirilmis bir yap1 olusturur. (Gualtieri ve digerleri, 2020)

6.3. Endiistriyel Isbirlikci Robotik icin Ana Giivenlik Standartlar

Istenmeyen temas sirasinda ortaya cikabilecek mekanik riskler goz oOniine alindiginda, insan/
robot is birligi i¢in makine gereksinimlerinin giivenligiyle ilgili genel uluslararasi ¢iktilarin kisa
bir listesi vardir. (Sekil 6) 2016 yilinda, iiretim operatorleri ve giivenlik uzmanlarina igin, giivenli
paylasilan c¢alisma alanlarinin gelistirilmesinde ve risk degerlendirme siirecinde yardimci olmak
icin yeni bir ISO teknik raporu olan ISO TS 15066 (ISO 2016) yayinlandi.

ISO T/S 15066
Robots and robotic devices - Collaborative robots

y /
“Type C” Standards ( IS0 10218-1:2011 )
detailed machine safety standards. Robots and robot@c de\-‘i{_:es - Safety requirements for
valid for a particular family of ’“g‘:;";{"l{gx::‘
machines = ¥
1S0 10218 2: 2011 :
Robots and robotic devices - Safety requirements for
mdustrial robots —
Part 2: Robot systems and integration
ISO 13849-1: 2015
Safety of machinery - Safety-related parts of control
“Type B” Standards systems — Part 1: General principles for design
generic safety standard valid for
msatf;ge{’;)?:;;'f‘e‘mjm“ IEC EN 62061 : 2015
&4 Safety of machinery - Functional safety of safety-related
lectrical, electronic and programmable electronic contro
systems
“Type A” Standards 15012100 : 2010 _ g
basic safety standards valid for all Safety of machmery - General prms:lples_for design - Risk
types of machines assessment and risk reduction
Law and Regulations Machinery Directive 2006/42/CE *

Sekil 8: Endiistriyel Is Birlik¢i Robotlarla Ilgili Ana Standartlar Hiyerarsisi (Gualtieri ve digerleri, 2020)

Bu rapor, ISO 10218 boliim 1 ve 2’ye (ISO 2011a, b) dahil edilen endiistriyel robotlar i¢in dnceki giivenlik
gereksinimlerini daha ayrintili olarak belirtir. Diger yararli belgeler arasinda AB Makine Direktifi (Avrupa
Parlamentosu 2006), risk degerlendirmesi i¢in standartlar ISO 12100 (ISO2010a) ve fonksiyonel giivenlik
gereksinimleri i¢in ISO 13849 bolim 1 (ISO 2015a) ve IEC EN 62061 (IEC 2015) bulunmaktadir. Ek olarak,
robot sistemleri i¢in kullanilan u¢ efektorlerin tasarimi ve entegrasyonu igin giivenlik 6nlemlerine iliskin ana
yonergeleri tanimlayan bir belge yakin zamanda yayimlandi (ISO 2018).

6.4. Teknik Sartname ISO TS 15066 (2016) ve Isbirligine Dayah islemler

2016 yilinda piyasaya siiriilen ISO TS 15066 (ISO 2016) Teknik Sartnamesi, 2011°de ISO 10218-1 (ISO
2011b) ve 10218-2 (ISO 2011a) standartlarinda 6nceden tanitilan is birlik¢i robotlarla ilgili gereksinimleri
daha ayrintili olarak agiklayan bir duruma getirilmistir. Su anda bu sartname, 6zellikle mekanik risk agisindan,
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is birlik¢i endiistriyel ¢alisma hiicreleri igin giivenlik gereksinimlerini belirten en ayrintili belgelerden birini
temsil etmektedir. Belirli uygulamalara ve etkilesim tiirlerine gore, is birlik¢i robotlar farkl: tiirden giivenlik
cihazlartyla entegre edilmelidir. Giivenli is birliginin temel amaci, yercekimi ve / veya olasilik agisindan
beklenmedik temaslardan kaynaklanabilecek mekanik riski en aza indirmektir. Daha 6nce de belirttigimiz
gibi, ISO TS 15066 (ISO 2016), giivenli insan/robot is birligi i¢in dort yontem belirlemistir;

1. Smirlandirilmis Giivenli Durus,
2. Elle Yonlendirme,

3. Hiz ve Mesafe Izleme,

4. Gii¢ ve Kuvvet Sinirlama,

5. Smirlandirilmis giivenli durus modu, insan/robot is birliginin gercek bir uygulamasini temsil

6.5. Insan Merkezli Tasarim (HCD/Human Centered Design) ve Ergonomi:

Dordiincii sanayi (Endiistri 4.0) devrimi sadece yeni imalat paradigmalarini tanitmakla kalmamis olup,
ayn1 zamanda insanlarin oynadig1 rolii de degistirmistir. Insanlar, ileri teknolojiler tarafindan bile kolayca
degistirilemeyen 6nemli bir rol oynamaktadir. Tersine, yeni teknolojilerin tanitimi iiretim sistemlerini karma-
siklastirir ve yiiksek vasifli, iyi egitimli ¢alisanlara olan ihtiyact artirir. Bu nedenle, dordiincii sanayi devrimi,
yeni teknolojileri tasarlamaya yonelik insan merkezli bir yaklagimi yeniliyor, soruyu insanlarin nasil degistiri-
leceginden insanlar1 nasil daha iyi tamamlay1p onlara nasil yardimer olunacagina dogru degistiriyor.

Quasi-static contact Transient contact (impulsive)
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Sekil 9: Insan — Robot Temasinin Siniflandirmasi (Gualtieri ve digerleri, 2020)

Uretim sistemlerini tasarlamak icin insan merkezli bir yaklagim tanitildi. ISO 9241-210 (ISO2010b), insan
Merkezli Tasarimi (HCD) “Sistemin kullanimina odaklanarak ve insan faktorleri / ergonomi ve kullanila-
bilirlik bilgi ve tekniklerini uygulayarak etkilesimli sistemleri daha kullanilabilir hale getirmeyi amaclayan
bir sistem tasarimi ve gelistirmesi yaklagimi” olarak tanimlar. Bu nedenle, boyle bir yaklasim, kullanimdan
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kaynaklanan insan sagligi, glivenligi ve performansi iizerindeki olast yan etkileri onlerken, kullanict mem-
nuniyeti, stirdiiriilebilirlik ve erisilebilirlik ile birlikte insan refahini iyilestirmeyi amacglamaktadir. ISO 9241
béliim 210, etkili ve zamaninda Insan Merkezli Tasarimu etkinliklerini belirlemek ve planlamak i¢in siire¢lerin
nasil yeniden tasarlanacagina iligkin yonergeler saglar ve asagidaki alt1 temel ilkeyi tanimlar;

a. Kullanicilarin, gérevlerin ve ortamlarin net bir sekilde anlasilmasina dayali tasarim,
b. Tasarim ve gelistirme siiresince kullanici katilima,

c. Tasarimi gelistirmek/iyilestirmek i¢in kullanict merkezli degerlendirme,

d. Yinelemeli siireg,

e. Tim kullanic1 deneyimine gore,

f.  Multidisipliner becerilerin ve bakis agilarinin benimsenmesi,

Insan Merkezli Tasarim yaklasimi her tiirlii tasarim yaklasimina dahil edilebilir (6rnegin, nesne yonelimli,
hizl1 uygulama gelistirme vb.). Insan Merkezli Tasarimi dogru uygulanmasi i¢in en &nemli hususlardan biri
ergonomik ilkelere saygidir. ISO 26800 (ISO 2011c), ergonomiyi «bir sistemin insan ve diger unsurlart
arasindaki etkilesimlerin anlasilmasu ile ilgili bilimsel bir disiplin ve insan refahini ve genel sistem perfor-
mansini optimize etmek icin tasarim icin teori, ilke, veri ve yontemleri uygulayan meslek” olarak tanimlar.
Boyle bir disiplin, bir isyerinin ve ilgili ekipmanin veya {iriinlerin genel olarak insan kullanim1 i¢in optimize
edilmesi amaciyla en iyisSekilde nasil tasarlanacagini inceler. Ergonomik ilkelere dayali bir tasarim, agirlik,
boy, yas, isitme ve gérme gibi ¢esitli insan 6zelliklerini dikkate alir. Ergonomi bu nedenle genellikle insan
faktorleri miihendisligi olarak adlandirilir.

6.6. insan-Robot isbirliginde Ergonomi

Is birligine dayali robotik teknolojisinin altinda yatan fikir, insanlara yardim edebilecek ve onlari
destekleyebilecek gelismis teknolojilere sahip olmaktir. Bu etkilesime bir 6rnek, kobotlarin bir is¢i icin
bilesenleri kaldirmasidir. Kobotlar igsyerinin fiziksel ergonomisini iyilestirse ve dolayisiyla is¢cinin MSD’ye
maruz kalmasini azaltabilse dahi, biligsel ergonomi ilkeleri dikkate alinmazsa ¢alisanlarin zihinsel stresine ve
psikolojik rahatsizligina da neden olabilirler. Aslinda, kobotlar operatoriin beklentilerine gére davranmalidir
(Mayer ve Schlick 2012), onlarin varlig1 insanlar i¢in bir stres kaynagi olmamali ve hatta bir tehlike olarak
algilanmamalidir. Kobotlarin insan tarafindan kabul edilebilirligi, 6rnegin robot i¢in antropomorfik yoriinge-
ler uygulayarak gelistirilebilir (Kuz ve digerleri 2014; Rojas ve digerleri 2019). Standartlara uygun fiziksel
ve biligsel ergonomik ilkelere dayanan hibrit caligma alanlariin endiistriyel bir uygulamasindan hala uzak
olsak da, baz1 akademik sonuglar mevcuttur. 2015°te Faber ve arkadaslar1 tarafindan, gelistirilmis ergonomi
ozellikleri ve esnekligi olan karma bir ¢caligma alani tasarlandi. Bu tasarim, robot isletim sistemine (ROS/
Robot operating system) ve biligsel olarak otomatiklestirilmis bir montaj planlayicisina dayanmaktadir. Sii-
re¢ gorevlerinin biligsel karmagikliklarina gore siniflandirildigi, ¢alisma alani i¢in insan merkezli bir tasarim
2018’de D’Addona ve arkadaslari tarafindan sunulmustur. Buna ek olarak, yine ayn1 y1l igerisinde, bir de ¢cok
kriterli bir yaklasim ve ayni1 anda insan-robot hibrit hiicre diizenini ve gorevleri planlayabilen gorev atamasina
yonelik bir algoritma olarak sunulmustur. Miiller ve arkadaslar1 da (2016), beceriye dayal1 bir gorev atama
yaklagimi 6nermislerdir. Bu yaklasim, bir montaj gérevi tanimlama modeline dayanir ve insan/robot arasinda-
ki gorevleri gereksinimlerine gore becerilerini karsilastirarak atar.

Peruzzini ve arkadaslarina gore ise, sanal gerceklik, insan merkezli tasarim (HCD) i¢in montaj gorevleri-
nin simiilasyonuna izin veren ergonomik bir ¢aligma alaninin tasarimina yardime1 olabilir. Aslinda, dijital {ire-
tim araglarindaki farkli kurulumlar1 degerlendirerek ve dijital insan modelleri ve diger sanal kaynak modelleri
ekleyerek insan durusunu ve stresini iyilestirmek miimkiindiir (Caputo ve digerleri 2018). Boyle bir yaklasim
durus, is ylikii ve stres gibi ergonomik yonleri hesaba katarak igyerlerinde montaj gorevlerini simiile edebilse
de insan memnuniyeti ve duygu gibi daha yiiksek insan merkezli yonleri ihmal eder. Ergonomik bir is istasyo-
nunun tasariminda ilerleme kaydedilmis olmasina ragmen, tamamen insan merkezli ve tiim fiziksel ve biligsel
ergonomik ilkeleri karsilayan bir hibrit is istasyonu tasarlama stratejisi henliz miimkiin degildir.
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Insan/robot is birliginde giivenlik ve ergonomideki potansiyel ve zorluklari tanimlamak icin temel
organizasyonel ve teknolojik gelecek aragtirma alanlarini tanimamiz gerekir. Sekil 8’de genel bir siniflandirmay1
ozetlemektedir.

POTENTIALS AND
CHALLENGES IN SAFETY
AND ERGONOMICS IN
HUMAN-ROBOT
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Caze studies and i ]
s applitalinns> m /Elelrmm‘im‘
Management Rssessment | for safety
== — Motion planning methodologies \ cnodlicin /
Sensor for and control

I

comtact —
management
= - TECHNOLOGICAL Simulatica andx\\ ORGANIZATIONAL
s AREA OF ol AREA OF INTEREST
e INTEREST Tl _// o Intzgration of
Sensor for x/f P - S&E in product
object fracking / Integration of

Assisum:r\

system

Integration of
S&E in workcell
early staga

design

Robot system

design d_//

Autificial | cognifive
intclligence_l// BIEONOMIcs

Sekil 9: HRC Giivenlik ve Ergonomisinde Potansiyel Zorluklar Iliskin Arastirma Alanlar:
(Gualtieri ve digerleri, 2020)

Insan/robot is birliginde giivenlik ve ergonomi i¢in iki ana ilgi alan1 vardir: teknolojik ve organizasyonel.
IIki, robot performanslarin1 optimize ederken insan robot etkilesiminin (HRI/ Human Robot Interaction)
giivenligini artirmak icin tekniklerin gelistirilmesiyle ilgilidir. Ikincisi, is birlik¢i sistemlerde giivenlik ve
ergonomi ¢oziimlerinin daha iyi tasarlanmas1 ve degerlendirilmesi i¢in yonetim araglartyla ilgilidir.

Endistriyel is birlik¢i robotikte giivenlik ve ergonomi i¢in gelecekteki gelismeleri, temel olasiliklar1 ve
yenilikleri yorumlamak ve tartigmak i¢in ana orgiitsel arastirma alanlar1 6nerilmistir. Asagidaki liste, Bolza-
no-Bozen Free Universitesi’nin akill1 mini fabrika (SMF/Smart Mini-Factory) laboratuvarinda arastirmacilar
tarafindan elde edilen farkli arastirma sonuglarina gore gelistirilmistir (Gualtieri 2018).

6.7. Risk degerlendirmesi icin Yeni Metodolojilerin Gelistirilmesi

Insanlar ve endiistriyel robotlar arasinda dogrudan fiziksel etkilesim olasiligi, ISG alaninda yeni bir
paradigmay1 temsil etmektedir. Isbirligine dayali sistemlerin tanitim, iiretim a¢isindan yeni olasiliklarin yan
sira operatOr giivenligi ve ergonomi agisindan yeni zorluklara da olanak tanir. Bu nedenle insanlar ve robotlar
arasindaki etkilesim olasiligin1 da icererek yeni ve saglam risk degerlendirme yontemleri gelistirilmelidir.
Mesleki risklerin degerlendirilmesi i¢in ¢esitli yontemler vardir. Su anda, makine risk degerlendirmesi i¢in en
gelismis yontemlerden biri hibrit yontemdir (ISO 2012). Bu yontem, renklerle {i¢ farkli risk kosulunu tanimlar:
kirmizi, giivenlik 6nlemlerinin gerekli oldugu anlamina gelir, sar1, giivenlik dnlemlerinin 6nerildigi anlamina
gelir, yesil, giivenlik onlemlerinin gerekli olmadig1 anlamina gelir. Bu risk kosullari, bes nitel degisken
iizerinden bir risk matrisi kullanilarak hesaplanir: Onem (Se/Severity), Siklik (Fr/Frequency), Olasilik (Pr/
Probability), kaginma (Av/Avoidance) ve Siif (6nceki endekslerin toplami olan CI/Class). Bu endeksler (ISO
2012) ve (ISO 2016) «da bulunan yonergelere gore tahmin edilmistir. Yalnizca mekanik riskler gz 6niine
alindiginda, is birligine dayali robotik durumunda, ana potansiyel zararlar hafif veya orta siddettedir. Genel
olarak, Olasilik ve Siklik Endeksleri birbirleriyle daha alakali degerlerdir. Isbirligine dayali uygulamalar
icin gerekli olan smirli robot hizi araligi nedeniyle istenmeyen temaslardan kaginmanin gergek bir olasilig
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oldugundan, kacinma endeksi orta olabilir. Risk degerlendirmesinin nihai amaci, kabul edilebilir bir artik
risk degerine ulasmak i¢in tasarimci ve kullanici tarafindan uygulanan koruyucu 6nlemlerin benimsenmesi
yoluyla riskin azaltilmasi olacaktir. Risk azaltimi, glivenlik ¢oziimlerinin uygulanmasindan 6nce (CI) ve son-
ra (CI *) farkl risk siifi degerleri araciligiyla degerlendirilebilir. Isbirligine dayali uygulamalarla ilgili
emniyet gereksinimlerinin karmagikligindan dolay1, uygun risk degerlendirmesi i¢in burada anlatilana benzer
genisletilmis bir yontemin kullanilmasi 6nerilen bir segenektir.

Bilissel Ergonomide Entegrasyon: Calisma alanlarinin paylagimi ve insanlar ve endiistriyel robotlar
arasindaki fiziksel etkilesim, ortak calismanin biligsel ergonomisini etkileyebilir. Bu kapsamda hibrit
operasyonlar sirasinda olusabilecek zihinsel stres ve psikolojik rahatsizlik durumlarinin en aza indirilmesi
zorunlu olacaktir. Giivenlik dnlemleri iyi tasarlanmis ve uygulanmis olsa bile, robotun varlig1 insanlar igin
bir tehlike veya stres kaynagi olarak algilanmamalidir. Tasarimcilar, insan merkezli ve insan dostu is birlik¢i
is istasyonlarini psikolojik acidan da gelistirmek icin bu tiir biligsel ergonomi sorunlarini dikkate almalidir.

Isbirlik¢i Montaj i¢in Tasarim (DFCA/ Design for Collaborative Assembly) tarafindan erken asama iiriin
tasariminda is birligine dayali ¢aligma alanlarinin giivenlik ve ergonomi entegrasyonu: Ortak alanlarin erken
asama tasariminda giivenlik ve ergonominin entegrasyonu ic¢in eszamanli miihendislik (CE/Concurrent En-
gineering) yontemlerinin uygulanmasi, is birlik¢i sistemlerin optimizasyonu i¢in ¢ok énemli olacaktir. Egza-
manl Miihendislik (CE), “karmasuk iiriinlerin entegre, eszamanli tasarimina ve gelistirilmesine ve bunlarla
ilgili siireclere yonelik kapsaml, sistematik bir yaklasimdir” (yani iiretim, lojistik, bertaraf, vb.) (Verhagen,
2015). Buradaki amag, iiriin gelistirmeyi ve pazara sunma siiresini azaltarak tlretkenligi artirmak ve liretim
maliyetlerini diistirmektir. Bu metodoloji, iirlin yasam dongiisiiniin tiim erken asama 6zelliklerinin, tasarim-
dan baslayarak bertarafi ile sonu¢lanana dikkate alinmasini gerektirir (Verhagen, 2015). Potansiyel olarak en-
diistriyel insan/robot etkilesimi ile ilgili olan risklerin dogas1 geregi, is birlikg¢i bir sistemin eszamanli tasarima,
entegre iriinler ve siire¢ gelistirme icin ISG gereksinimlerinin erken degerlendirilmesini gerektirir.
Giivenli ve verimli ¢oziimler gelistirmek i¢in, endiistriyel bir makinenin (ve ilgili prosesin) genel tasarimi ve
erken tasarim asamalarinda giivenlik sistemlerinin islevsel sistemlerle entegrasyonunu ve optimizasyonunun
dikkate alinmasi gerekir. Bununla birlikte, makineyi glivenlik gereksinimlerini dikkate almadan tasarlayip ge-
listirmek ve ardindan bunlar1 ger¢ege doniistiirmek yaygin bir yoldur. Bu durum, 6zellikle is birlik¢i sistemler
icin tasarim sonuglarini kaginilmaz olarak daha verimsiz ve zaman alici hale getirir.

Miihendislik tasarimi a¢isindan {iriin tasarimi, eszamanli miithendisligin diger bir temel parcasidir. Miisteri
gereksinimlerini karsilamak i¢cin miihendislik tasarimi, fikirlerin ve kavramlarin olusturulmasina ve islev-
sel Uriinlere ve siireglere doniistiiriilmesine izin verir. Su anda, manuel islemlerde yer alan optimize edilmis
tiriinlerin biiyiik parcalari, manuel iiretim ve montaj i¢in tasarlanmistir. Bu, 6zellikle manuel toplama, tasima,
montaj ve / veya iiretim i¢in tasarlanmis teknik 6zellikler ve tiretim siiregleri sundugu anlamina gelir. Ancak,
bu bilesenler robotik veya otomatik isleme i¢in uygun 6zelliklere sahip degildir. Endiistriyel is birlik¢i robot
pazarinin siirekli olarak biiylidiigli g6z oniine alindiginda, is birligine dayali operasyonlarin yakin gelecekte il-
ging bir zorluk olacagini séylemek hi¢ de zor olmayacaktir. Bu nedenle, is birlik¢i gérevler sirasinda insan-ro-
bot fiziksel etkilesimi i¢in gereksinimleri g6z dniinde bulunduran yeni {iriin tasarim yaklasimlari olusturmak
ozellikle yararli olacaktir. Bu nedenle, iiriin tasarimi igin yeni bir arastirma alani, yeni bir “Isbirligine Dayali
Montaj I¢in Tasarim” (DFCA/ Design for Collaborative Assembly) ydntemi ekleyerek yaygin olarak bilinen
“X I¢in Tasarim” (DFX/Design for X) tekniklerini zenginlestirmek olabilir. Fiziksel insan /robot etkilesimi
sirasinda ortayacikabilecek mekanik riskin en aza indirilmesine gore iiriin 6zelliklerinin tasarimini bazi olasi-
liklar icermelidir.

7. ROBOT BIiLIMDE SiBER GUVENLIK RiSKLERI

Siber giivenlik, bilisim sistemlerinde elektronik verilerin kriminal veya yetkisiz kullanimina kars1 korun-
ma durumu, yasamin, entegrasyonun, maddi veya manevi varliklarimizin hatta elektronik ortamdaki verileri-
mizin giivenliginin, biitliinliigiinlin ve gizliliginin korunmasi seklinde tanimlanabilir. Robotbilimde ise, kont-
rol sistemlerini, kritik altyapilar1 ve teknoloji tagima sistemlerini icerebilecek bilgisayar sistemlerine yonelik
saldirilar1 savunmaya calisan bir alandir. Elektronik, bilgisayar ve ag etki alanlarinin gizliligi, biitiinligu,
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kullanilabilirligi, 6zgiinliigli ve reddedilmemesi gibi bes giivenlik hizmeti saglar. Resmi ve tiizel kurumlarin
cogu, cok miktarda gizli veri toplar, isler ve depolar ve aglar tizerinden diger sistemlere iletir. Siber giivenligin
en onemli nedenlerinden biri, glivenlik risklerinin stirekli gelisen dogasidir. Geleneksel sistemlerin birgogu
onemli tehditlere kars1 koruma konusunda basarili olsa da bir¢ok olasi tehdit hala kesfedilmemistir. Siber
saldirilarin hacmi ve karmasikligi katlanarak arttik¢a, ulusal giivenlikle ilgili oldugu kadar kisisel ¢ikarlar1 ve
internete bagli makinelerle ilgili bilgileri de biiyiik bir titizlikle korumak gerekir.

Boylece bir teknoloji, slire¢ ve uygulama grubu, aglarin, bilgisayarlarin, programlarin ve verilerin saldiri,
hasar veya yetkisiz erisimden korunmasi igin ¢alisir. Ulusal Bilim ve Teknoloji Enstitiisii (NIST/National
Institute of Science and Technology), siber saldiriyl, siber alani bir bilgi islem ortamimi veya altyapisim
bozmak, devre dis1 birakmak, yok etmek veya kotii amach olarak kontrol etmek icin kullanmak icin bir
aracg olarak tanimlar. Siber saldir1, verilerin biitiinliigliniin yok edilmesine veya kontrollii bilgilerin ¢alinma-
sina yol agacaktir. Robot ortaminda ise robotun istem dis1 hareketler yapmasina neden olacaktir. Siber altyap1
genellikle Elektronik Bilgi ve iletisim sistemleri, donanim ve yazilim, depolama, isleme ve iletisimden olusur.
Teknolojik operasyonlarin en biiyiik riski olan siber giivenlik, teknolojiyi neredeyse her alanda kullanabilmek-
tedir.

IIk nesil robotlar sensdrlerden yoksun sabit, programlanamayan, elektromekanik cihazlarla kontrol
edilebiliyordu. Bunlarin yerini sensor ve kontrol cihazlari ile gelen ikinci nesil robotlar ald.

Ucgiincii nesil robot, ikinci nesil robotun daha da rafine bir versiyonuydu ve bircok degisik ozelliklerle
doluydu, burobotlar, sabit veya hareketli olabiliyor, konusma, tanima ve sentezle birlikte karmasik programlama
yeteneklerine sahip oldular. Bu gelismelerle birlikte, robotun tanimi da stirekli olarak degisti, robot, hiz
ve hassasiyetin bir kaydini tutarak gorevleri tekrar tekrar gergeklestirmek igin tasarlanan bir birim olarak
tanimlanabilir hale geldi. Cekce’de “zorla calistirmay1” anlamina gelen “robota” kelimesinden tiireyen robot,
giinlimiizde de hala bir operatdrden ve bilgisayar sisteminden emir alarak calisan is géren durumundadirlar.
Robotlar nasil kontrol edildiklerine bagli olarak basglica iki grupta incelenirler;

1) Otonom Robotlar: Bunlar insan veya operator miidahalesine ihtiya¢c duymayan ve gorevleri kendi baslarina
gerceklestirebilen robotlardir, Or: Herhangi bir engelleme ile karsilastiginda yon degistirerek calismasina
devam eden robotlar. (Bump and Go).

2) Bocek Robotlar: Tek bir kontroldriin komutuyla ¢aligan bir grup robot, bocek robotlar: kategorisine girer.
Filonun tamaminin tek bir lideri takip ettigi bir bocek kolonisine benzer.

Bir robotun sahip olmasi gereken ana karakteristikleri asagidaki gibi siralayabiliriz:

1) Hissetme: Bir robotun ¢evresinde olanlart hissedebilir olmasi1 gerekir, bu amagla 151k sensorleri, dokunma
ve basing sensorleri, kimyasal sensdrler, sonar sensorleri ve tatma sensorleri ile donatilmistir.

2) Hareket: Robotu etkin kilan en 6nemli 6zelliklerinden biri hareket yetenegidir, hareket etmek i¢in teker-
leklere veya ylirlime mekanizmalar1 ile mafsallar1 ile hareketlerini saglar. Hareket, robotun pozis-
yonunda gercek bir yer degistirmeyi veya hareket etmek i¢in robotun basit parcalarini gosterebilir.

3) Enerji: Bir robotun islevlerini yerine getirebilmesi i¢in gerekli miktarda enerji / gii¢ ile donatilmasi gere-
kir. Bu enerjiyi, glines pillerinden, pillerden veya elektrikten alabilir.

4) Zeka: Robotlar kendileri i¢in hazirlanan spesifik programlarla ¢evreye uyum saglayacak bir zeka diizeyi-
ne erisirler, akilli robota doniisiirler. Akilli robot, ortamindan ve deneyiminden 6grenebilen ve bu bilgiye
dayal1 yeteneklerini gelistirebilen yapay bir zeka (Al/Artificial Intelligence) sistemidir.

Boylece, robot bir gorevi yerine getirmek i¢in ayn1 anda calisan sensorleri, kontrol sistemlerini, manipii-
latorleri, giic kaynaklarini ve
yazilimlari igeren bir sistem olarak adlandirilabilir. Makine miihendisligi, fizik, elektrik ve yap1 miihendisli-
gi gibi alanlardan destek alir, matematik ve bilgisayar teknolojisi de katkida bulunur. insanlarla paralellikleri
nedeniyle, belirli gelismis robotlara Android adi verilir, bdylece daha ¢ok alanda insanliga yardimci olurlar.
Robotlarin bir kism1 gérevlerini kendi baslarina yaparlar. Diger robotlar her zaman onlara ne yapacaklarini
sOyleyen bir kisiye sahip olmalidir. Sonug olarak robotik/ robot bilim, robotlarin tasarimu, liretimi ve isleyisi
ile ilgilenen bir miithendislik dali olarak, yapay zeka, nanoteknoloji ve biyomiihendislikten biiyiik destek alir.
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Robotigin 3 ana kanununa gore;
« Robotlar asla insanlara zarar vermemelidir.
« Robotlar kurali ihlal etmeden insanlardan talimatlar takip etmelidir,
« Robotlar herhangi bir kurali ihlalinden kendilerini korumalidir.

7.1. Robotikte Siber Giivenliginin Onemi

Hizli degisim gegiren bir diinyada, inovasyon ve teknoloji, son birka¢ on yilda robot biliminin stirekli
gelismesine neden oldu. Baslangigta sadece iiretim diinyas1 ile sinirli olan robotbilim, glintimiizde iiretken-
ligi daha kisa siirede artiran, karmasik isler yapabilen bir yap1 haline geldi. Veri, sistemler ve insanlar dijital
olarak baglandikca siber tehdit katlanarak artmaya basladi. Oniimiizdeki on y1l icerisinde robotik ve otomas-
yon endiistrisinin 62 milyar dolardan 1,2 trilyon dolara ¢ikacagi tahmin ediliyor. Tiiketici robot endiistrisinin
2019 yilina kadar 1,5 milyar dolarin iizerinde olduguna inaniliyor. Ayrica robotik, Bulut Bilisim Ortami ile de
iligkilendirilebilir. Robotike (robotbilim) olan talep arttik¢a, robotiklerle iligkili riskler de artmaya, robotlar-
daki artan siber giivenlik ihlalleri robotik iizerinde olumsuz bir etkiye sahip olmaya baslad1 béylece firmalar
finansal ve sayginlik agisindan zarar gérmeye basladilar. Saldirtya ugramig bir robot insanlara zarar vermek
veya kasith olarak arizalar1 gergeklestirmek icin kullanilabilir. Bu nedenle de 6niimiizdeki yillarda, bilgisayar
korsanlarinin endistri korumalarin1 gecersiz kilabilmesi, hizmetleri bozabilmesi, lirlinlere zarar verebilmesi
ve onemli bilgileri ¢alabilmesi ¢ok daha kolay hale gelecektir. Gergek zamanli kisitlamalarin gogu robotik uy-
gulamalarinda genellikle ¢ok 6nemli bir rol oynar. Yazilim hatalar1 ve giivenlik aciklari disinda, robotik de Ile-
tisime egilimlidir. Robotik alaninda giivenlik ve gizlilik gerektiren birka¢ uygulamadan bahsedecek olursak;

Savunma ve Uzay Endiistrisi: Askeri amaglarla, gozetim ve savagma amagh olarak kullanilabilen in-
sansiz hava araclar olarak da bilinen cihazlarin tanitiminda robotbilimden faydalanilmaktadir. Bu tiir cihaz-
larin genelde Sifrelenerek kullanilmasi gerekir. Sifrelenmedikleri takdirde, kotli niyetli birinin kontrolii ele
gecirerek, Sifrelenmemis bir insansiz hava aracini kolaylikla istedigi gibi kullanabilmesi miimkiin-
diir. Istedigi takdirde, kontroliine aldig1 araci rahatlikla niifusun yogun oldugu bir bdlgeye kotii amagla
yonlendirebilmesi miimkiindiir. Bunun diginda, bir kurulugun hassas veri merkezlerine girerek kayitlar1 sabote
eden bagli robotlarin denetimini ele geciren kot niyetli saldirilar da olabilir.

Tibbi Ameliyatlar: Robotlara komutlar vererek hastalarin ameliyat edilmesinde potansiyel bir tehlike
vardir. Robotun kullanildig1 bir ameliyatta, ameliyat sirasinda robot cerrahla birlikte ayni is birlik¢i ortami
kullanmaktadir, sistemde herhangi bir sifreleme veya kimlik dogrulama asamasi yoksa, sistem saldiriya agiktir
ve yetkisiz bir kurulus cerrahi robotun denetimini eline gecirdigi takdirde robot her tiirlii riske acik hale gelir.

Ev Robotlari: Bu robotlar asistan veya evde cesitli islerde hane halkinin giinliik islerinde yardimci ola-
bilir. Caligmalar1 sirasinda, islerinin geregi olarak, cesitli sensor ve kameralarla donatilmis oldukga biiyiik bir
bilgi havuzuna sahip olabilirler. Ancak bu bilgilerin ¢ok iyi korunuyor olmalar1 gerekir. Bazi robotlar ev isle-
rine yardimci olurken bazilar1 da insanlarin sagliklari ile bilgileri toplayabilirler. Bu tiir hassas bilgiler dikkate
alimmalidir, ihmal, yetkisiz bir kiginin ev robotunu kontrol altina almasina ve hassas verilere erismesine neden
olabilir.

Afet Robotlari: Giliniimiizde robotbilim teknolojisi afetlerde kurtarma calismalarinda da kullanilmaya
baslandi. Afet robotlarina, zararli sistemlere veya maddelere erisme, bunlar1 kirma, onarma ve bozma sorum-
lulugu verilebilmektedir. Diger robot uygulamalarinda oldugu gibi, robotlar asir1 tehlike olusturabildiginden,
harici bir kurulus tarafindan erisilmemeleri gerekir. Ornegin herhangi bir niikleer tesiste yetkisi olmayan biri-
nin robota erigebilmesi vb. gibi.

7.2. Robotikte Mevcut Giivenlik Durumu

Robotik cihazin verimli bir sekilde yonetilmesi ve kontrol edilebilmesi i¢in sensorler, kontrol sistemleri,
manipiilatorler ile yazilimlar kullanir.

Bilesen tabanli yazilim miihendisligi robotikte 6nemli bir rol oynadigindan, bilesenler protokolleri kulla-
narak birbirleriyle iletisim kuran bireysel bilgisayar programlari gibi davranir. Robot Isletim Sistemi (ROS/
Robot Operating System) ve yine bagka bir Robot Platformu (YARP/Yet Another Robot Platform), topolojiye
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bagli bir¢ok ana bilgisayarda bir dizi program igeren robotik odakli mimarilerdir. Bilesen tabanli yazilim mii-
hendisligi robotikte dnemli bir rol oynadigindan, bilesenler protokolleri kullanarak birbirleriyle iletisim kuran
bireysel bilgisayar programlar1 gibi davranir. Robot isletim sisteminde iletiler sifrelenerek veya sifrelenme-
den cesitli protokoller kullanilarak iletilirler. MDS5, veri biitiinliiglinii saglayan ve ¢esitli kimlik dogrulama
mekanizmalarinin tanitildigi bir mesaj 6zet algoritmasidir. Sistem Sifrelenmedigi takdirde, sistem ¢ok kolay
bir sekilde baska bir giiciin kontroliine gecebilir. YARP’ta sensorler, islemciler ve aktiiatorler yazilimlarla
baglantilidir. Uygulama bozuk verilere a¢ik oldugundan yiiksek giivenlik riskine yol acar.

Robotik i¢in siber giivenlik, sistemin mevcut giivenlik teknolojilerinin 6tesinde esnek olmasini gerektirir.
Ornegin, bir robot bir hedefe kiigiik bir paket teslim edecekse, birden fazla faktérii géz dniinde bulundurmali-
dir. Cevreyi akillica kontrol ederek hedefe giivenli bir sekilde yaklasabilmelidir, hedefi belirleyip oraya dogru
yonelirken kendisinin bulundugu veri yolunun algilanmamas1 gerekir. Engellerden kaginmak ve herhangi bir
hasar meydana gelmesi durumunda uyarlanabilir olmasi i¢in titiz olmas1 6nemlidir. Gerekirse yeniden yapi-
landirilmasi ve degistirilmesi kolay olmalidir. Bu 6zelliklere ragmen, baska gii¢lerinin kontroliine girme risk
yine de yliksektir. Akilli cihazlar ihlal ederek, kisisel bilgileri edinmek ve onlar1 bagka amaglarla kullana-
bilmek miimkiindiir. Nitekim yapilan bir arastirmada son zamanlarda 69.00’den fazla akilli cihaz kablosuz
saldirtya ugramistir. (Bolden, 2015)

Robotik etki alaninda herhangi bir siber saldir1 ya bir u¢ nokta uzlagsma sorunudur ya da bir ag-iletisim
tabanli saldiridir. U¢ nokta uzlagmasi, denetleyicinin robotu kontrol edemedigini goriirken, ag iletisimi tabanh
saldir1, bir saldirgan1 aga gizlice dinlemeye veya kotii amagh kod enjekte etmeye tesvik eder. iki saldirt vek-
toriiniin yogunlugunu karsilastiran bir faktor fiziksel erisimdir.

Ag iletisimine dayali saldirilara fiziksel erisim daha fazla oldugundan, u¢ nokta uzlagsma saldirilarina ki-
yasla ¢ok daha fazla giindeme gelirler. Robotik ortam bir¢ok risk ve giivenlik agig1 tarafindan tehdit altindadir.
Karar degisikliginden kaynaklanan saldirilar: Bu tiir saldirilar, kontrolor tarafindan kumanda edilen bir robo-
tun eylemlerini etkilemek i¢in kasitli olarak gerceklestirilir. Bu 6zel saldiri, paketler hala ge¢is modundayken
iletiyi degistirmeyi amaclamaktadir. Ozellikle, paket iistbilgileri bir rakip tarafindan paketleri baska bir hedefe
yonlendirmek veya hedef makinelerde bulunan verileri degistirmek i¢in degistirilir. Hizmet Reddi saldirilari,
Bir Niyet Degisikligi saldir1 sinifi temsil eder. Bu tiir saldirilarda, robotlarin ag ara yiizii Aktarim Katmani
Protokolii trafigi TCP (Transmission Control Protocol) ile engellenmistir. Bu saldirilarin da baslica iki sonucu
vardir;

Robotu Durdurma: Robotun hizmeti aksatma saldirisiyla bogulmus olmasinin fiziksel bir gostergesidir.
Ayn1 zamanda robotun diizensiz hareketlerine yol agabilir. Robot tekrar tekrar ve farkl: siireler i¢in durdura-
bilir, hiz da degisebilir.

Yon Komutlarina Yanmit Vermede Gecikme: Hizmet aksatma saldiris1 altindaki bir robotta, diisiik hizdan
yiiksek hiza gecis sirasinda gecikmeler goriiliir. Cesitli navigasyon komutlarina aninda yanit veremeyebilir.

Hedef Saptirma /Kasith Manipiilasyon Ataklari: Kasithh manipiilasyon saldirisinda, saldirgan robot-
lardan kontrolore iletilen mesaj1 yeniden yapilandirir. Bunlar denetleyici tarafindan verilen girise bir yanit
oldugu i¢in geri bildirim mesajlar1 olarak da bilinir. Denetleyicinin amac1 gercek oldugundan, bu saldirilar
gerceklestirmek bir miktar zordur. Ancak, dogru yiiritiiliirse, bu tiir saldirilar1 algilamak veya 6nlemek zor
olabilir. Manipiile edilen geri bildirimin mesru olduguna inanilirsa, olumsuz sonuglara yol acabilir. Robotlarin
cogu iletisim aglar1 tarafindan yonetildigi i¢in manipiilasyon saldirilarina karsi son derece savunmasizdirlar.
Robottaki bilesenleri manipiile etmek ve herhangi bir insan miidahalesi olmadan aga yaymak i¢in bir solucan
(Solucan viriisii kendisini bir bilgisayardan bagka bir bilgisayara kopyalamak i¢in tasarlanmistir. Ancak bu
islem otomatik olarak gergeklesir. Ilk olarak bilgisayarda dosya veya bilgi ileten &zelliklerin denetimini ele
gegirir. Solucan bir kez sisteminize girdikten sonra kendi basina ilerleyebilir.) yazilabilir.

Baglantiy1 Ele Ge¢irme Saldirilari: Bu, diismanin veya saldirganin iki u¢ nokta arasindaki iletisimi
kontrol altina aldig1 saldir1 seklidir. Eger iki u¢ noktada denetleyici ve robot oldugu biliniyorsa, saldirgan de-
netleyiciyi devre disi1 birakarak etik olmayan bir sekilde robotun i¢inde oldugu sistemi ele gecirmeye ¢aligir.
Bu el koyma isleminde, saldirgan, robotun kontroliinii gecici veya kalici olarak birkag saatligine veya geri
doniilemez sekilde ele gecirebilir. Bu saldirilar iki sekilde gerceklestirilebilir:
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Ag Gozlemcisi: Bir denetleyici ile robot arasinda iletilen bilgileri dinleme veya gdzetleme niyeti olan
kotii niyetli biri. Bu kotii niyetli, bilgi toplama, iletisim agina giivenilmez bilgiler sokma ve her iki tarafa da
iyi niyetli goriinen biri olabilir.

Ag Aracisi: Kendini denetleyici ile robot arasinda konumlandiran bir kétii niyetli, boylece uglar arasindaki
gizli iletisimi engelliyor.

7.3. Robotlar Arasinda Siber Giivenlik Risklerinden Kacinmak I¢cin Bazi Azaltma Stratejileri

Giivenlik ihlallerinin  smmir tanimamas: ve robotik alaninin  bu kadar giivensizlige kar-
s1 savunmasiz olmasi nedeniyle, bu tiir saldirilarin insanlara zarar vermeden 6nce mutlaka onlenmesi
gerekir. Saldirilar1 tanimlamak ve bir sistemi giivence altina almak ve hatifletmek i¢in ¢esitli yontemler ortaya
konmustur.

« lletisimin Dayamiklihg: Komutlarm bir kumandadan robota iletilmesi ve robottan kumandaya geri bil-
dirim i¢in bir iletim ortami gerekir. Saldirilarin ¢coguna kars1 savunmasiz olan bu iletim aracidir. Aktari-
lan bilgiler i¢in kanallar {izerinden bir giivenlik katmani saglanmas1 kesinlikle olast gilivensizlikleri
azaltacaktir. Iletisim adanmis oldugundan, iletilen veriler iizerinde kimlik dogrulama mekanizmalarinin
sifrelenmesi ve tanitilmasi, degisiklik, manipiilasyon ve saldir1 saldirilarini kisitlayacaktir.

+ Robot isletim Sisteminde Veri Dagitim Hizmeti: Daha 6nce tartisildigi gibi, Robot Isletim Sistemlerin-
de (ROS) mesajlar, gizli dinlemeyi tesvik eden Sifreleme olmadan iletilebilir. Ancak, veri Dagitim Hiz-
meti’nin (DDS/Data Distribution System) bir aktarim katmani olarak entegre edilmesi, kimlik dogrulama,
erisim denetimi ve Sifreleme saglayan eklentilerin yiiklenmesine yol acacaktir.

* Bagska Bir Robot Platformu (YARP/Yet Another Robot Platform)’nda Kimlik Dogrulama Meka-
nizmasi: YARP’tan yararlanildiginda tiim altyap1 ortaya cikabilir. Ancak, anahtar degisimi saglanarak
YARP’ta bir kimlik dogrulama mekanizmasi getirilebilir. Port izleme ve tahkim, iletilen verilerin uygun
sekilde kodlanmasini ve kodunun ¢oziilmesini saglayabilir.

* Bulutu Giivence Altina Alma: Bulut robotik, bulut bilisim ortamina gomiilii robotiklere sahip bir yayilan
alandir. Bulut depolama ve bulut altyapisinin diger internet teknolojilerine dayanir. Robotik uygulamalar
icin bellek, hesaplama giicii ve ara baglantinin gelistirilmesine yol agar. Veriler, sensorler tarafindan top-
lanir ve ilgili bilgiler aglarla iletisim merkezine yiiklenir. Bilgiler islenir ve diger robotlarla paylasilabilir.

- Bilgisayarlar ve Bilgisayar Birimleri Arasindaki iletisim: Iletisim otobani tarafindan da giivenli iletisim
saglanabilir. Geleneksel iletisimin aksine, iletisim otobani1 Ethernet’e dayanir ve bu nedenle TCP/UDP/IP
ile ilgili 6zelliklerden yararlanabilir.

1) Giivenli Uygulamalar Olarak Robotlar:

Robotik platformunun yapisi geleneksel bilgisayar sistemleri platformuna dayanmaktadir ve bu nedenle
giivenlik sorunlari her ikisi i¢in de benzerdir. Robotik platformlar agirlikli olarak donanim ve yazilim bilesen-
lerinden olusur. Genel amagli robotlarin popiilerliginin artmasiyla birlikte, robotlardan istedigimiz gorevler
de artmakta ve bununla ilgili olarak bircok uygulama ortaya ¢ikmaktadir. Bu nedenle de robotlarin mutlaka
giivenli hale getirilmesi gerekir. Gizlilik belirli erisim kontrol mekanizmalari tarafindan elde edilebilir bagka
bir 6nemli endise ise yiiksek diizeyde soyutlamalar sistemi giivence altina almak i¢in kullanilabilir. Kullani-
cilar giivenli bir sekilde tanimlandikca ve ayricalik diizeyleri verildiginden, gizlilik saglanir, bunun i¢in de
robotikte giivenligi saglamak igin 6zel yazilim mimarileri dnerilmistir. Ust diizey soyutlamalar robotlar igin
politikalar1 tanimlar. Cergevenin ana bilesenlerini ayirmak ve bunlar arasinda kati bir arabirim tanimlamak,
sistemin kolayca glivence altina alinmasina olanak saglayabilir. Bu durumda bilesenler arasi iletisim, kolayca
denetlenebilecek ortak bir mesaj gecirme ara yiiziinden gegecektir. Verilen sekil, farkli iletilerin iletilmesinden
sorumlu ince bir yazilim katmaninda yasayan bir mikrokernele (mikro ¢ekirdek) benzeyen dnerilen bir mima-
ridir. Yukaridaki katmanlar, donanima 6zgii 6zellikler, robot soyutlamalar1 ve uygulamalar i¢in soyutlamalar
uygular. Ustte ¢aligan uygulamalar, daha diisiik seviyelerin tasidig1 soyutlamalari kullanur.
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Robotlarda ¢ok fazla glivenlik uygulamasi vardir, bunlardan dort tanesini inceleyecek olursak;

- Uzaktan gozetim icin robotlar: RoboSentry gibi otonom mobil platforma giivenen robotlar sadece te-
kerlekler yardimiyla hareket etmekle kalmiyor, ayn1 zamanda video, ses ve diger hassas verileri de kayde-
debilme 6zelliklerine sahiptirler. Ozerk ve yiiksek ¢oziiniirliiklii kameralara sahip olup uzaktan kumanda
edilebilirler. Tehlikeli gazlari tespit etme yetenegine sahiptirler ve giivenlik ve Kapali Devre Televizyon
(CCTV/ Closed Circuit Television) sistemlerini entegre edebilirler.

- Alarm Dogrulama Robotlari: Herhangi bir giivenlik kurulumu igin yanlig alarm istenmeyen bir durum-
dur. Birgok robot alarm durumunu dogrulayabilme yetenegine sahiptir. Robotlar mevcut giivenlik, erisim
kontrolii ve CCTV sistemlerine entegre edilebilirler. Alarm kosullar1 tespit edilirse, robotlar miimkiin olan
en kisa siirede uyarilabilirler. Uyartyla birlikte, dahili sensorler 1s1, duman ve alevlerin varligini onaylaya-
bilir ve ayn1 zamanda canli ses ve gorilintii mesajlar1 gonderebilir. Merkezi istasyona gonderilen bir onay
sinyali herhangi bir aksiligi 6nlenmesinde yardimci olacaktir.

- Izleme Robotlar1: Otonom bir mobil platforma sahip belirli bir aralik géz 6niine alindiginda, bir robot
Radyo Frekansi1 Tanimlama (RFID/Radio Frequency Identification) etiketli 6geleri izleyebilir ve bulabilir.
Yerlesimdeki belirli bir 6genin gegerli konumu bir robot tarafindan olusturulabilir ve korunabilir. Ayrica
zaten var olan bir giivenlik sistemine entegre edilebilir.

- Tesis Yonetimi icin Robotlar: Otonom bir mobil robot, bir tesisin son derece dogru, dinamik olarak ko-
runan yerlesimini olusturma ve koruma yetenegine sahiptir. Bu harita bilgi toplamak icin kullanilabilir.
Ornegin, herhangi bir yerlesimdeki koridorlar, tikanmis koridorlar, sicaklik, wi-fi kapsama alani, giivenlik
aydinlatmasindaki arizalar ve cep telefonu kapsama alani gibi parametreler bu robotlar tarafindan sapta-
nabilir. Robot tarafindan tespit edilen ses ve video kayitlari ile anlik goriintiiler tesis yonetimi i¢in kulla-
nilabilir.

- Robotikte (Robotbilim) Etik: Son gelismelerle birlikte, robotik, araba siirme, tibbi kayitlar ve giinliik
faaliyetlerde giinliik yasantimizin ayrilmaz bir pargasi haline gelmistir. Ancak, bu islemlerin ¢ogu internet
ortaminda yapildigindan, gizlilik ve giivenlik sorunu giindeme gelmistir. Akilli robotlar ve siiriiciisiiz ara-
balar etkilidir ama etik sorunlar1 da beraberinde getirirler. Siber teknoloji, robot bilimin yaygin bir sekilde
kullanilabilecegi el aletleri, kisisel bilgisayarlar, ana bilgisayarlar vb. bir¢ok cihazin iiretiminde kullanilir.
Siber etik,bilgisayar uzmanlar tarafindan gergeklestirilen bilgi islem makinelerinde etik konularin teme-
lini olusturur. Robotikte siber giivenlik etigi hem siberetik hem de teknolojik etikten olusur. Siberetik,
bilgisayarlara iliskin etik ile ilgilenip, bilgisayar sistemlerinin davranis ve etkilerini géz 6niinde bulundu-
rabilirken, teknolojik etik daha ¢ok yeni teknolojinin gelistirilmesiyle ilgilenir. Robotik hem siber hem de
teknolojiyi desteklediginden, robot bilimindeki etik her iki alana da uygun olmalidir.

Robotbilimde etik, insan davranislari, insanlarin nasil tasarim yaptiklari, tasarimlarini nasil insa ettikleri
ve onlara nasil davrandiklari ile ilgilenir. Teknoloji ve siber uzay agisindan robotik ag¢idan bazi etik zorluklar
asagidaki gibi belirtebiliriz;

Telif Haklari: Etik kurallar sanat¢ilar1 yapimeilar etkiledigi gibi robotun, bir pargasi oldugu tilkelerdeki
endiistrileri, ulusal hiikiimeti ve uluslararas iligkileri etkileyebilir. Bu ylizden, yeni inovasyon yaratmak i¢in
telif hakkiyla korunan malzemelerin kullanimi kisitlanmigtir.

Siber Suc: Teknoloji sosyal, kiiltiirel ve ekonomik alanlar1 etkiler. Cogu zaman igletmeler telif hakki ile
ilgili hususlar1 istismar etmek isterler. Siber suclar hizla arttikca, suglular insanlarin 6zgiirliigiinii tehdit etmek
icin dijital araclar kullanabilirler.

Gizlilik ve Giivenlik (Havaalanlarinda Tam Viicut Tarayicilar1 Olgusu): Tam viicut X 1511 tarayi-
cilar1 tanitildigindan itibaren bir¢ok kisi insanlarin gizliligini sorgulamaya bagladi. Giivenligi artirmak igin,
insanlarin dikdortgen bir elektronik ¢ercevenin igerisinde durmasi istenip, insan iizerinde metal tespit etmek
amaciyla, kigisel mahremiyet ve tevazu kotliye kullanilarak, istenirse alternatif dalga boyu kullanilarak insan
viicudunu ¢iplak goriintiileyebilmek miimkiin olabilmektedir.
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Gizlilik ve Kiiresel Konumlandirma Sistemi (GPS/Privacy and Global Positioning Systems) Tekno-
lojileri: GPS cihazlar1 Robotik evriminde dnemli bir rol oynamistir. Cep telefonu tasiyan kisilerin konumu,
gizlilige meydan okuyan GPS teknolojisi ile aninda izlenebilir. Bu sadece vatandaslarin devletleriyle olan
etkilesimini degil, ayn1 zamanda isyerlerindeki ¢alisanlarin da etkilesimini etkiler. Ancak, birgok arag¢ ve ekip-
man GPS’1 destekleyerek sivil ozgiirliiklerle ¢elismektedir. Bu tiir teknolojik etkiler nedeniyle uygun gizlilik
seviyeleri sorgulanmaktadir.

Kendi Hedeflerini Se¢cme I¢in Otonom Robotlar: Otonom sistemler popiiler hale gelmesiyle birlikte in-
sanlarin 6zel alanlarina tecaviiz etmeye basladilar, bu nedenle bunlarin kontrol edilme ihtiyaci giindeme geldi.
Ornegin, otonom sisteme sahip bir araba insanlarin bekledigi bir otoparkta park yerini almak icin bekleyen
araba kuyrugunu ihlal edebilir veya insanlar beklerken bir magazadan sinirsiz mal tedariki yapan sistemler
olabilir. Otonom bir robotun kendi hedeflerini segmesine izin verilmemelidir. Buradaki hedef etik kurallarin
disina ¢cikmayacak ve ¢ikmasina izin verilmeyecek robotlar tasarlamaktir.

8. ROBOTIKTE UYULMASI GEREKEN BAZI ETiK KURALLAR

Robotlar topluma birbirinden degisik ¢ok fazla konuda hizmet ve yardim eder. Robotik teknolojisi ilerle-
dikce, bazi etik sorunlar ortaya ¢ikar. Siberetik ve teknolojik etik ile ilgili robotik etki alani i¢in, etigi tanim-
lamak tizere kesin ilkeler belirlenmelidir.

1) Insan Onuruna iliskin Hususlar:
- Insanlarin duygusal ihtiyaglarina her zaman saygi duyulacak,
- Insanlarin mahremiyet hakkina her zaman saygi duyulacak,
- Insanin kirilganligina her zaman, fiziksel ve psikolojik olarak sayg1 gdsterilecek,
2) Tasarim Sirasinda Dikkat Edilmesi Gerekenler:
- Robotik sistemlerin programlamasinda azami seffaflik saglanacak,
- Robotik davranista dngoriilebilirlik arzu edilir,
- Giivenilir sistem tasarim ilkeleri bir robotun ¢alismasinin tiim yonleri i¢in gereklidir,
- Makul tasarim hedeflenerek, kullanicilara ger¢ek zamanli durum gostergeleri saglanmalidir,
- Bariz devre dis1 birakma mekanizmalari, makul tasarim hedefleri ile biiyiik dl¢iide tutarli olmalidir.
3) Yasal Hususlar:
- Bireylerin haklar1 ve korumalart ile ilgili tiim ilgili yasa ve yonetmeliklere uyulmasi gerekir,
- Bir robotun karar yollar1 dava ve uyusmazlik ¢6ziimii amaciyla yeniden insa edilmelidir,
4) Sosyal Hususlar:
- Robot tasarimi sirasinda, 1rk¢i, cinsiyetci, giiglii morfolojileri veya davraniglardan uzak durulmaldir,

- Insanlarin robotlara baglanma egilimi tasarim sirasinda diisiiniilmelidir.

8.1. Siber Giivenligi Saglamak Icin Gerekli Robotik Yasalar
Bir robotun tiim islevlerini etik sinirlar1 iginde yerine getirebilmesi i¢in bazi yasalar getirilmistir.

1) Otonom bir insansiz hava aracinin ¢arpmasi veya yanlis gitmesi veya otomatik bir aracin kazaya neden
olmas1 durumunda tasarimcinin, programecinin, lireticinin veya operatoriin hatali olup olmadiginin belir-
lenmesi zorunludur. Sorumluluklari tahsis etmek i¢in, otonom sistemlerde zamani belirten kayitlar bulun-
malidir, bu bilgiler gerektiginde referans olarak gosterilmelidir.
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2) Etik sistemler robotlara gdmiilmiisse, alinan kararlarin ¢ogu insan i¢in hakli gériilmesi gerekir. Bunun i¢in
deneysel felsefe de kullanilabilir.

3) Miihendisler, avukatlar ve etik politikalarini olusturanlar arasinda is birligi, dogru bir sistemin tasarlanma-
sina yardimci olacaktir, (Kaynak: Priyadarshini, 2017)

9. KOLABORATIF ROBOTLARDA RiSK AZALTMA
VE RiSK DEGERLENDIRME

Daha 6nceki tanimlamalarimiza ek olarak, endiistride kullanilan robotlar i¢in, endiistriyel otomasyon uy-
gulamalarinda kullanim i¢in sabit veya hareketli olabilecek 3 veya daha fazla eksende programlanabilen,
otomatik olarak kontrol edilen, yeniden programlanabilir ¢ok amagli bir manipiilator ifadesini kullanabiliriz.
Gerek endiistriyel robotlar ve gerekse is birlik¢i olanlart endiistrinin g¢esitli sektorlerinde vidalama, monte
etme, yerlestirme, kaynak, yiikleme, bosaltma, yiikleme ve boyamaya ek olarak tipta ameliyatlarda bile kulla-
nilir hale gelmiglerdir. Bunun yani sira, tehlikeli ve tekrarlayan gorevlerde de rahatlikla kullanilabilirler. Her
giin daha fazla uygulamada yer alan robotlar, uygulamalar gerektigi gibi incelenmedigi ve irdelenmedigi du-
rumlarda, ciddi ve 6liimciil is kazalarina neden olabilirler. Calismada, yatay enjeksiyon kaliplama makinesine
yardimci ekipman olarak kullanilan endiistriyel bir robotun glivenligini iceren bir vaka c¢alismasi, risk analizi
veya buna iliskin risk azaltma onlemleri lizerinde durulmakta, ana tehlikeler ve riskleri azaltmak i¢in kullani-
lan genel yontemler sunulmaktadir.

Endiistriyel Robotlarin Karistig1 Kazalarin Nedenleri:

32 kazanin analizine dayanan bir ¢aligmada, robot operatdrlerinin (%72), bakim is¢ilerinin (%19) ve prog-
ramcilarin da (%9) ¢esitli yaralanmalara ugradig1 goriildii. Bu yaralanmalarda, operatoriin robotla bir nesne
arasina sikistig1 yaralanmalar %56, robotla is¢inin ¢arpistigi kazalar ise %440 olusturuyordu. Yaralanmala-
rin nedenleri beklenmedik robot davranisi, insan hatalar1 (6rnegin, bir is¢i robota yakinken robotu harekete
geciren ikinci bir is¢i) ve beklenmedik yazilim sorunlarimi i¢eriyordu. Hasar, kayipsiz hafif yaralanmalardan
Oliimciil yaralanmalara kadar degismektedir. Fransa’da Charpentier ve arkadaslari. (Charpentier P, Sghaier
A (2012) Industrial robotic: Accident analysis and human-robot coactivity. SIAS Conference.) 1997 ile 2010
déneminde robot operasyonlar ile ilgili 31 kazay1 analiz etti, bunlarin 20 tanesinin operasyonlar 11 tanesinin
de bakim faaliyetlerinden kaynaklandigini tespit etti. Bu kazalardan, 8 tanesi 6liimciil 21 tanesi ise ciddi yara-
lanma idi. Yaralanma nedenleri arasinda, amaglanan goreve uygun olmadiklari i¢in giivenlik 6nlemlerinin bu-
lunmamasi, yanlis yiikleme veya gorevlendirme en belirgin olanlar idi. Robotun hareket alanina ihlallerden 6
tanesi sabit emniyet ¢itleri 8 tanesi ise hareketli koruyucu g¢itler tarafindan engellendi. 5 durumda ise koruyucu
emniyet ¢itlerinin yetersiz kaldigini goriiyoruz. Risk degerlendirmesi oncesi, glivenlikle ilgili sorunlar, yanlis
kullanim, robotu bypas yapmaya zorlama, duruma uygun olmayan giivenlik ekipmanlar1 kullanma, bozulmusg
veya glivenlik ekipmanlarini devre dig1 birakma.

Makinelere iliskin Risk Degerlendirmesi:

Makinelere bagli risk ISO 12100°de, Makine giivenligi-Tasarim-Risk degerlendirmesi ve risk azaltma
icin genel ilkeler, zararin Siddeti ve bu zararin olusma olasihiginin bir kombinasyonu olarak tanimlanir.
Makine risk degerlendirmesinin avantajlari ¢oktur;

« Tehlikeler etkin bir sekilde tanimlanir ve daha iyi risk azaltma onlemleri uygulanabilir,
*  Yaralanma ve oliimler 6nlenebilir,

« Para cezalar1 ve cezai kovusturma onlenir,

e Mevzuata uygunluk saglanir ve verimlilik artirilir,

Tehlike, zararin kaynagidir. Makineler mekanik ve elektriksel tehlikelerin yan1 sira 1s1, griiltii, titresim,
radyasyon ve tehlikeli kimyasal ve biyolojik maddelerden kaynaklanan tehlikelere sahiptir. ISO 12100, maki-
ne risk degerlendirmesi ve azaltma ilkelerini belirtir Standart, risk degerlendirmesini Sekil 5° de gdsterildigi
gibi risk analizi ve risk degerlendirmesi olmak iizere iki asama olarak tanimlar.
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Risk analizi, (i) Makine sinirlarinin belirlenmesi, (ii) Tehlike tanimlamasi ve (iii) Riskin tahmininden
olusur. Tespit edilen her bir tehlike ve tehlikeli durum i¢in gergeklestirilen risk tahmini adimi, sonuglari risk
degerlendirmesini ve dolayisiyla risk azaltma yontemlerinin se¢imini ve Onceliklendirilmesini belirleyecegi
i¢in 6nemlidir.

Robotun yasam déngiisii boyunca gesitli tehlike kaynaklart mevcuttur. Ornegin tasarim, entegrasyon, ku-
rulum, test, dogrulama, isletme, bakim ve egitim i¢in risk degerlendirmesi gereklidir. En 6nemli adimlardan
bir tanesi tehlike, tehlikeli durum, tehlikeli olay ve olas1 zarar1 belirlemektir. Makine, elektrik, termal, giiriilti,
titresim, radyasyon, malzeme, ergonomik gibi makine veya robotun kullanildig1 ortamla iligkili farkl: tehlike-
ler vardir. Tehlikeli durum, kisinin en az bir tehlikeye maruz kalmasi ve genellikle makine de veya robotta bir
gorevi yerine getirirken ortaya ¢ikan durumdur. Tehlikeli olay genellikle dogada, teknik veya insan eylemleri
tarafindan kaynaklanabilir. ISO 10218-1’in Ek A’sinda, robotlar ve robot sistemleri i¢in dnemli tehlikelerin

bir listesi verilmistir.

= = o = nf strurlanmn

v
Tehlike > l Risk analizi |
tanimlama

Risk tahmini
J > Risk
‘ degerlendirme
Risk
degerlendirmes1

A

| J———— A Risk azalima .

Sekil 10: ISO 12100’e Dayali Basitlestirilmis Risk Yonetimi (Chinniah, 2016)

Risk Tahmin Aragclar1:

ISO 12100, riskin nasil tahmin edilecegine ve hangi parametrelerin kullanilabilecegine iliskin yonergeler
saglar. Bu uluslararasi standart, belirli bir tehlikeli durumla iligkili riskin asagidaki iki ana unsura bagl oldu-
gundan bahseder;

e Zararin siddeti,
» Bu zararin olugma olasiligi,
Zarar olasilig1 asagidakilerin bir fonksiyonudur;

« Kisi ve kisilerin tehlikeye maruz kalmasi,
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« Tehlikeli bir olayin meydana gelmesi,

« Zarardan kaginmanin veya sinirlandirmanin teknik ve insani olasiliklari,

Standart ayrica Tablo 7°de 6zetlenen tiim bu parametrelerin nasil tahmin edileceklerine iliskin rehberlik
yapar. Ayrica, risk tahmin araglariin ¢esitli 6rneklerinin verildigi bir ISO teknik raporu yayinlanmistir. ISO
raporu, makineler i¢in risk degerlendirmesinin ytiriitiilmesi konusunda pratik rehberlik olanag: saglar.

Tablo 7: ISO 12100’de Tanmimlanan Risk Tahmin Parametrelerinin Ozeti (Chinniah, 2016)

Parametreler

ISO 12100 tarafindan verilen parametre tahmin

ISOMRLO R eloxans edilirken dikkate alinacak faktorler

Zararin Siddeti

Yaralanma veya sagliga verilen zararin ciddiyeti
5522 (6rn. gérme yetenegi, 6liim vb.) ve zararin boyutu
(6rn. bir veya daha ¢ok kisi (vb.)

Zarar gorme olasilig1

Kisilerin tehlikeye maruz kalmasi, tehlikeli bir
55.2.1 olayin meydana gelmesi ve zarar1 6nlemek veya
sinirlandirmak i¢in teknik ve diger olasiliklar

Tehlikeye maruz

olasilig1

kalma siklig1 3:3.2.3.1 . . PSP . :
g Tehlike bolgesine erigim ihtiyac, tehlike bolgesinde
gecirilen zaman ve erigim gerektiren kisi sayisive
: erisim siklig1

Tehlikeye maruz 55231

kalma siiresi

Tehlikeve maruz Giivenilirlik ve diger istatistiksel veriler;

Kalma o}{asﬂl“l 5.5.23.2 kaza gecmisi; sagliga zararin ge¢misi ve risk

& karsilastirmast
Tehlikelere maruz kalabilecek farkli kisiler (6rn.
Vasifl1 veya vasifsiz); tehlikeli durumun ne kadar
cabuk zarara yol agabilecegi (6rnegin aniden, hizli
. veyayavas); herhangi bir risk farkindaligi (6rn.
3:2?;113213?&21 55733 genel bilgi, kullanim bilgisi, dogrudan gézlem

yoluyla veya makine iizerindeki uyar1 isaretleri ve
gosterge cihazlar1 yoluyla, insanin zarar1 dnleme
veya siirlama yetenegi (6rn. refleks, ceviklik,
kagma olasilig1) ve pratik deneyim ve bilgi (6rnegin,
makine, benzer makine veya deneyim eksikligi)
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Riskin Azaltilmasi:

Tasarimcilar, koruyucu 6nlemleri saglamak i¢in risk azaltma ¢alismalarinin yani sira risk degerlendirmesi
de yapmalidirlar. ISO 12100, ANSI B11-TR3 gibi standartlar risk azaltma i¢in 3 adim yaklagimini sunar,

« Dogal giivenli tasarim 6nlemleri (tehlike giderme),

« Koruma ve tamamlayic1 koruyucu onlemler (sabit korumalar, kilitli hareketli korumalar, giivenlik cihaz-
larn),

« Kullanim i¢in bilgiler (makinelerin kullanimi i¢in giivenli ¢alisma uygulamalari, artik risklerin uyarisi,
tavsiye edilen kisisel koruyucu ekipman).

Artik risk, tasarimci tarafindan saglanan kullanim bilgilerine dayali olarak kullanic tarafindan yonetilir.
Kullanici tarafindan uygulanan koruyucu 6nlemler asagidakilerini kapsar;
« @Giivenli ¢alisma organizasyonu lokavt, denetim, ¢alisma izni gibi prosediirler,

« Makinenin kullanim amacinda tasarimci tarafindan ongoriilmeyen belirli bir islem nedeniyle gerekli ek
onlemlerin saglanmasi ve kullanilmasi,

« Kisisel koruyucu ekipman kullanima,
« Egitim,
Robot giivenligini saglamak i¢in, iireticiler ve kullanicilar ISO 12100°de ayrintili olarak kullanilan 3 adim

yontemini uygularlar. ISO 10218-1"de spesifik risk azaltma stratejileri verilmektedir.

ISO 10218-1"in F ekinde, robot iireticileri i¢in giivenlik gerekliliklerinin ve dnlemlerin dogrulanmasi i¢in
gerekli araglar listelenmistir. Listelenen yontemler;

« Gorsel muayene,

» Pratik testler,

«  Olciim,

« Operasyon sirasinda gozlem,

« Uygulamaya 6zel semalarin, devre diyagramlarinin ve tasarim malzemesinin gézden gegirilmesi,
«  Gorev bazli risk degerlendirmesinin gdzden gegirilmesi,

+ Kullanim 6zelliklerinin ve bilgilerin gozden ge¢irilmesi,

ISO 10218-1’in Ek F’sinde giivenlik gereklilikleri asagidakileri kapsar;
* Genel gereksinimler (6rn. sabit ve taginabilir koruma malzemeleri),
« Kumandalar (6r. Durum ve gosterge 15181),
» Giivenlikle ilgili kontrol (donanim ve yazilim),
* Robot durdurma fonksiyonlar1 (6rn. Koruyucu durdurma fonksiyonlari),
« Acil durdurma fonksiyonlari,
« Azaltilmis hiz kontrolii,
¢ Calisma modlari,

« Programlama cihazi kontrolii,
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« Eszamanl1 hareketlerin kontrolii,

« Isbirlik¢i ¢alisma gereksinimleri,

»  Tekillik korumasi,

» Eksen smirlamasi,

» Tahrik giicii olmadan hareket,

« Kaldirma ve elektrik konektorleri i¢in hiikiimler,

ISO 13849 ve IEC 62061, makineler i¢in giivenlik kontrol sistemlerinin tasarim ilkelerini belirler. Robot-
lar i¢in kontrol sistemlerinin giivenlikle ilgili pargalarinin giivenilir olmasi gerekir. Giivenilir glivenlik kontrol
sistemleri yedek mimarileri igerir, denenmis giivenlik bilesenleri kullanir, hata izleme ilkelerini igerir ve temel
giivenlik ilkelerini kullanir. Kontrol sistemleri rasgele ve sistematik arizalara kars1 dayaniklidir. Genellikle,
giivenilir giivenlik kontrollerini bypas yapmak veya degistirmek zordur. Denenmis gilivenlik bilesenlerine ve
temel giivenlik ilkelerine 6rnek olarak;

« Hareketli korumalarin konumunu izlemek i¢in siradan emniyet anahtarlar yerine zorla a¢ilip kapanan tip-
lerin kullanilmasi,

« Giivenlik fonksiyonlarini kontrol etmek icin elektronik programlanabilir sistemler kullanildig: takdirde
programda modifikasyon yapilmasina engel olunmasi.

« Givenlik PLC’leri bu degisiklikleri kisitlar ve ayrica fazladan bir i¢ mimariye sahiptir.
« Siradan roleler yerine, mekanik olarak bagli emniyet rélelerinin kullanilmasi,

*  Optik sensorler yerine glivenlik 151k perdelerinin kullanilmasi,

Giivenlik kontrolil ve operasyon kontroliiniin ayrilmasi ve boylece mekanikgi, elektrik¢i ve programcilar ta-
rafindan giivenlik kontrol sistemine yaptiklari istenmeyen degisikliklerin olusturabilecegi sikintilarin azaltil-
masl,

+ Giivenlik konum anahtarlarini ve giivenlik cihazlarini, onlar1 bozabilecek ve erken asinmaya ve hasara yol
acgabilecek zorlu ortamlardan korumak,

ISO 10218, performans gereksinimlerini yapi1 kategorisi 3 ile bir performans diizeyi d olarak belirler. ISO
10218 ayrica donanimda tek bir hata toleransi ile SIL 2 ile uyumdan bahseder.

Robot u¢ efektoriiniin hizi secilebilir hizlarda ve diisiik hiz kontrolii altinda kontrol edilebilir olmalidir, bu
250 mm/s’den daha diisiik veya buna esit bir hiz anlamina gelir. Etkinlestirme/6gretme cihazlar1 3 konuma
sahiptir. Operatdr siirekli olarak merkez etkin pozisyonda kaldiginda, cihaz robot hareketine kontrollii olarak
ancak diisiik hizda izin verir. Kumandanin kablosuz olmasi durumunda olasi iletisim kaybinda robotun kont-
rollii olarak durmasini saglar.

Is Birlikci Robotlar:

Kolaboratif (Is birlik¢i) robotlar, tanimlanmus bir ¢alisma alan1 i¢inde bir insanla dogrudan is birligi icinde
caligmak lizere tasarlanmis 6zel amagli robotlardir. Operator, iiretim operasyonu sirasinda eszamanli olarak
gorevleri yerine getirebilir. Tablo 8, bu tiir robotlar i¢in dért ¢alisma modunu gostermektedir. Isbirlikei ro-
botlar, treticileri tarafindan tesislerdeki operatorleri gii¢lendirici araglar olarak sunulmaktadir. Operatdrler
robotlarin egitimi ve denetiminden sorumludur.
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Tablo 8: is Birlik¢i Robotlarin Calisma Modlari (Chinniah, 2016)

Is Birlikci
Robotlarin Calisma
Modlan

Tanim

Giivenlik Hususlar1 Uzerine Yorumlar

Durdurulmus
Durum izleme veya
Simirlandirilmis
Giivenli Durus

Calisanin ortak ¢alisma alanina
girmesi durumunda robot
durmaktadir. Bu alan taranan
bir alan olabilir. Calisan
ortamdan ayrilana kadar izleme
devam eder. Isci is birlikci
alandan ¢iktiginda robot
otomatik ¢aligmaya devam eder.

Is birlik¢i calisma alani olarak adlandirilsa
da is¢i kafese girdiginde duran robot
korumali bir robotu andirir. Tek fark ig¢i
ortamdan ayrildiginda robotun ¢alismaya
devam etmesidir. Yardimlasmadan ¢ok

is birligi gibidir. (Orn. Manuel yiikleme
istasyonu)

Hiz ve Mesafe

Calisan robotun yanina
yaklagmas1 durumunda robot
yavaglar. Calisan robotun
yakinina gelirse robot
durabilir. Robot hareketine
yalnizca caligsanla aradaki
mesafe minimum mesafe

Robot, kendisi ile is¢i arasinda belirli bir
hiz ve ayirma bariyeri saglar.

Iscinin ve robotun géreceli hiz, minimum
mesafe gereksinimleri karsilar. (Orn.

izleme lizerinde oldugunda izin mesa _ tlar. (Orn.
verilir. Operatdriin robota gore Is¢inin pargalari yenilemesi) Giivenlik
konumunu tespit etmek icin kontrol sistemlerinin giivenilir olmasi
farkli teknolojiler kullanilabilir. | gerekmektedir.
(Lazer tarayicilar, giivenlik
paspaslari, goriis tabanl
sistemler)
Isci robotla dogrudan temas
hghnded.lr‘. Isci rvo‘b‘otu El yonlendirici kisim, ug efektdriine
yonlendirir ve egitir. Robot, fand Kinlesti hazt ile bi
. . isciye degil, robot tarafindan bir yaKindir ve etkinlegtirme cthazi ile bir
Elle Yonlendirme ’ acil durdurmadan olusur. Hiz ve mesafe

kuvvet uygulandigi gérevlerde
ise yardimce1 olur. Robotun
hareketine yalnizca operatdriin
dogrudan girisi ile izin verilir.

giivenligi uygulanir. Bu durum, robot ve
caligsanin ig birligidir.

Gii¢c ve Kuvvet
Sinirlama

Robotun gii¢ ve kuvveti
sinirlidir. Robot, insanla veya
belirli bir kuvvet degerine sahip
herhangi bir cisimle temas
ettiginde aninda durur.

Robotun dogal bir tasarimi ve kontroliidiir.
Robot, bir yiikii kaldirmak ve hareket
ettirmek i¢in gereken miktarda giicii
bilir. Bir ¢carpismada oldugu gibi hareket
icin gerekli olan tork veya kuvvette bir
artis salgiladiginda, robot kolu giivenli
bir Sekilde durur. Dislinin mafsal ve
cikis tarafindaki sensorler kullanilmistir.
Kontrol sistemi giivenlik derecelidir
(hataya dayanikli). Robotlar hafif
malzemeden yapilmistir, diisiik ataletlidir
ve keskin veya kor kenarlar1 yoktur.
Bununla birlikte, robotla is birligi yapan
is¢i1, temasi (¢ok az temas giicii olmasina
ragmen) tekrar tekrar kabul etmeyebilir.
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Robotlarin kullanilmastyla beraber, iirtinlerin kalitesinde ve genel verimlilikte bir artis giindeme gelmistir.
Uzun vadede, is birlik¢i robotlarin tekrarlayan gorevlerle ugrasan operatorlerin yerini almasi beklenmektedir,
bu yiizden de baz iireticiler kullanimiyla ¢ok ilgilenmeyen kiigiik ve orta 6lgekli isletmeleri hedeflemektedir.
Bazi iireticiler 6zellikle geleneksel olarak robotlarin kullanimriyla ¢ok ilgili olmayan kiiciik ve orta dlgekli
isletmeleri (KOBI) hedeflemektedir. Bazi robot iireticileri, teknik personelin programlanmasina ihtiya¢ duyan
nispeten ucuz robotlar {ireterek, isletmelerde otomasyonu ve diisiik iicretli iiretimle rekabet etmeyi hedefle-
mektedirler. Genel olarak, is birlik¢i robotlar, kendilerine gorevlerinin kolayca dgretilmesine olanak saglayan
kullanict dostu 6zelliklere sahiptir, boylece gelismis programlama ihtiyacini da ortadan kaldirirlar, operator
robotun kolunu tutarak ve kullanilacak nesneye yonlendirerek ona gereken islemi gosterir ve 6gretebilir. Gor-

me sistemleriyle nesneyi tanirlar ve operatdr robota hangi gorevleri yerine getirmesi gerektigini sdylemek i¢in
basit bir menii seti kullanir.

Tablo 9’te piyasadaki, benzer gdrevleri yapan cesitli firmalara ait bazi robotlar yer almaktadir. Isbirlikgi
robotlarin kullanimi, robotun neden oldugu stres, uzmanlik ve beceri kaybi, gérevleri yerine getirmek i¢in tek-
nolojiye bagimlilik, is kayb1 korkusu ve azaltilmis 6zerklik nedeniyle kas-iskelet bozukluklarina yol agabilir.
Isbirlik¢i robotlarin kullanimi sirasinda, koruma ¢itlerinin veya fiziksel engellerin olmamasi, kapsamli risk
degerlendirmesi ve giivenlik kontrol sistemlerinin detayl1 tasarim ihtiyacini artirir. Robotlarla ilgili risklerin
yani sira, robotlarin dahil oldugu iiriinler veya proses de goz oniinde bulundurulmalidir.

Tablo 9: Is Birlik¢i Robotlar Arasinda Karsilastirma (Chinniah, 2016)

Robot Ad1
(Kullamllvnaya Tek Kol Robotun | Yiikleme B,
baslandig: y1l . S .. .| Hmza Tasarim Ozelligi ve
o veya Cift | Eksen Sayis1| Agirh@ | Kapasitesi
ve ulasilabilir (m/s) Uygulamalar
oldugundaki Kol (kg) (kg/arm)
maliyeti)
Esnek baglantilar
maer 02, |y | Bttt
22.000 to 40.000 < vey veya 7 eksen 75 2.3 0.6 ’
cift kol benzer tekrarlayan
USD) mevcuttur N :
gorev, insan algilama
icin kamera sensorleri
2 adet her
bir kolda . -
7 eksenli - Sulreg Ee rlnorga] 11<;1n
Dexter dot (2013, . N .. Yiikse geleneksel robotlarin
over 100.000 USD) Cift Kol dor}er govde N/A 3-20 hiz hassasiyeti; yiiksek
lizerine ST
tekrarlanabilirlik
monte
edilmis
Giig ve kuvvet
Kuka (2013) Tek kol | 7 Eksen kol 23 N/A N/A algilama: Kilavuzu
montaj1 zorlama
Universal Robot URS i fmitlene: Tekartayan
(UR) (2009, 34.000 | Tek kol | 6 Eksen 18“?1“ 5 veya 10 1.0 e Y
USD) gorev, kurulum ve
kullanim kolaylig1
Elektronik sektoriinde
ABB it l4ksen | N/A N/A N/A | Ktk parga montaj
ol islemi, parca konumu
i¢in kamera sensorleri
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9.1. Quebec’ten Ornek Olay Incelemesi

OSHA web sitesinde, bir robot ve plastik enjeksiyon makinesinin karistig1 6liimciil bir is kazasindan bah-
sedilir. 13 Mayis 2007°de, Kanada’da, plastik sektoriinde ¢alisan bir ¢alisan, plastik kiliflar1 enjeksiyon kalip-
lama makinesinden ¢ikarmak i¢in kullanilan robotik bir koldaki sorunu giderirken, basina ve kaburgalarina
bir darbe aldi. Acilen, iki hafta sonunda, hayatini kaybettigi hastaneye nakledildi. Bu 6rnekte goriildiigii gibi,
robotlar genellikle diger makinelerle de etkilesime girebilirler bu yiizden de risk degerlendirmesi robotu ve
yakin ¢evreyi icermelidir. Vaka calismasi, Quebec’teki biiylik bir otomatik yatay plastik enjeksiyon kalipla-
ma makinesinde triinleri bosaltmak i¢in kullanilan bir 6 eksenli robot i¢in yapildi. Sirket ayn1 zamanda baz
plastik parcalar i¢eren elektrik bilesenleri liretiminde uzmanlagmig bir kurulustu, her enjeksiyon dongiisiiniin
sonunda, plastik enjeksiyon makinesinin kalip alani agilir, robotun kolu daha sonra kalip alanina ulasir ve 6zel
uc efektorleri ile hassas bir sekilde dogrudan kaliptan kiigiik plastik pargalari alir. Robotun kolu, kalip alanina
operatdr yoniinden girer, enjeksiyondan ¢ikan parcalar alir dondiiriir ve plastik parcalar, kalite kontrolil igin
robotu ¢evreleyen korumadaki (6rn. bir kafes) agikliktan gegirerek parcalar1 yan tarafinda bulunan bir kon-
veyore yerlestirir. Kalip alaninda kalan kullanilmayan plastik parcalari toplayan ikinci bir konveyor bulunur.

Enjeksiyon kaliplama presinin kaliplama alan1 hem kapanis kalib1 hem de hareketli robot nedeniyle teh-
likeli bir bolgedir. Enjeksiyon kaliplama makinesinin operatdr tarafini koruyan orijinal hareketli koruyucu,
robot prese entegre edildiginde, robotun kalip alanina girmesini engelledigi icin Sirket tarafindan kaldirilmasi
gerekiyordu. Tablo 10°da robot ve presle baglantili tehlikeler yer almaktadir. Isciler kalip alan1 icinde veya
cevresinde kurulum, ayarlamalar, gevseme ve bakim faaliyetlerini gergeklestirirlerken ¢esitli tehlikelere ma-

ruz kalirlar.

Tablo 10: Mevcut Risk Azaltma Yontemlerini Dikkate Almadan Pres v
Robot Sistemi i¢in Tehlike Tanimlamasi (Chinniah, 2016)

Tehlike

Tehlikeli Durum

Tehlikeli Olay

Olas1 Zarar

Robot kolunun is¢inin
yoniindeki hareketi

Kola yakin is¢i

Kolun vurmasi
Mekanik parcgalara sikigmak

Kiriklar, 6liim

Kavrayicinin ve
bunun gibi tutma isini
yapan aletlerin is¢inin

yoniindeki hareketi

Kavrayicinin ve bunun gibi
tutma isini yapan aletlere
yakin bulunan calisan

Tutucu veya diger tutma
cihazi tarafindan darbe veya
stkismaya maruz kalma.
Mekanik bir pargaya sikisma

Kiriklar,
yarilma, ezilme,
Olim

Nihai efektor depolanan
enerji — yiiksek basing

Robotun bakimini yapan
calisan

Depolanan enerjinin serbest

birakilmasi ve hareketli park

tarafindan vurulmasi Yiiksek
basingli jetler

Kiriklar, ciltte
kesilme, ezici
yaralanmalar

Elektrik (baski)

Calisan pargalarin yakininda
calisan- paneldeki sorunu
gidermeye miidahale eden

Kisa devre veya yalitim sorunu
nedeniyle canli parcalarla
veya yanliglikla elektrik veren

Elektrige maruz
kalma, elektrik
carpmast

kalibin i¢inde depolanan
enerji ve yliksek basing
(hidrolik veya
pnomatik)

Pres ve/veya robotta bakim
isini yapmakta olan ¢aligan

Depolanan enerjinin serbest
birakilmasi ve hareketli
par¢anin ¢arpmasi

calisan pargalarla temas
- . - Kiriklar,
Robottan 6ngoriilen Planlanan nesnenin yolu Fikstiir veya tutucularin
.. morarmalar,
nesne tizerinde bulunan ¢aligan arizalanmast, kirtlmasi Slim
Pres kalibinin kapanma Kaliba yalgp veya kaliplama Kalibin ¢arpmasi, Kaliplama Ifl.tlklgf.r ’
. alan1 i¢inde bulunan . olimciil
hareketi alaninda sikisma ve ezilme
calisan yaralanma,
. e Enjeksiyon iinitesinin nozulu | Teknik bir problem veya insan
Eriyen plastigin ytiksek . o g
- ve kaliplama alaninin i¢inde | hatasi sonrasinda sicak erimis | Ciddi yaniklar
sicakligi o
bulunan c¢alisan plastigin sicramasi
Kalip kapama
sisteminde ve/veya Kiriklar,

delinme yaralari,
kangren, ezici
yaralanmalar
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Bir operator, bir sikisma veya pres ve/veya robotun sorun giderme veya ayarlamalari i¢in bir mekanik asa-
gidaki kaliplama alanina girebilir. Baz1 durumlarda, is¢ilerin sirtlarinin robota doniik oldugu gozlendi (yani,
kalip alaninin i¢inde kollariyla ¢alisiyorlardi ve robotu goremiyorlardi).

Operator, herhangi bir sikisma, ariza bulma, presi veya robotun ayari i¢in kaliplama bdliimiine girmek
durumundadir. Bazi durumlarda, bu bdlgelerde sadece kollariyla ¢alisan operatorler, sirtlarini robota donmiis
olup, robotun olas1 hareketlerini fark edemiyorlardi. Baz1 durumlarda, iscilerin sirtlarinin robota doniik oldu-
gu gozlendi (yani, kalip alaninin iginde kollariyla ¢alistyorlardi ve robotu géremiyorlardi). Tablo 9°da tespit
edilen her bir tehlike i¢in ilgili tehlikeli durumlar, tehlikeli olaylar ve olas1 zarar verilmistir. ISO 12100°de
aciklandigr gibi, tehlike tanimlama asamasi, risk azaltma onlemleri dikkate alinmadan gergeklestirilir. Bu
yaklagim, mevcut risk azaltma yontemlerini daha iy1 degerlendirmeyi ve gerekirse mevcut risk azaltma yon-
temlerini gelistirmeyi veya degistirmeyi saglar.

Tablo 10°da agiklanan tehlike tanimlamasindan sonra, her tehlike i¢in risk tahmini gereklidir. Risk gra-
figi veya risk matrisi gibi bir tahmin arac1 kullanmak gerekir. Zararin ciddiyetine ve olasiligina bagl olarak,
her tehlike i¢in bir risk endeksi elde edilir ve bunu risk degerlendirmesi takip eder. Daha sonra risk azaltma
stratejileri uygulanir ve kabul edilebilir riske ulasildigindan ve yeni bir tehlikenin ortaya ¢gikmadigindan emin
olmak icin risk azaltma 6nlemlerinin degerlendirilmesi gerekir (6rn. Koruyucuda keskin bir kenar).

Kisaca, burada vaka calismasi i¢in sadece ana risk azaltma 6nlemleri agiklanmaktadir. Koruyucu emniyet
citlerinin giivenli yiikseklikte ve olgiilerde olmasi gerekir. Koruyuculart boyutlarinit hesaplamak igin stan-
dartlar vardir. Robot ve kalip alani ¢evreleyen koruyucularin kapilar: (Orn. kafes) birbirine kenetlenmisti,
kapilar acildiginda robotun ve presin hareketine izin verilmezdi ve bir isci tehlikeli bolgeye girdi.

Gtivenilir kontrol sistemleri yedekli mimarileri igerir, iyi denenmis giivenlik bilesenleri kullanir ve ariza
izleme ilkelerini icerir. Rastgele ve sistematik arizalara karsit dayaniklidirlar. Genellikle, giivenilir glivenlik
kontrollerini bypas etmek veya degistirmek zor olacaktir. Emniyet kontrol sisteminin temel emniyet prensip-
lerine ve denenmis emniyet bilesenlerine gore tasarlanmasi gerekir. ISO 13849 ve IEC 62061, makineler i¢in
emniyet kontrol sistemlerinin tasarim prensiplerini saglar.

Pres-robot sisteminde kullanilan test edilmis gilivenlik bileseni ve temel giivenlik ilkeleri, temaslarinin
zorunlu olarak acilmasi ve olumlu monte edilmis giivenlik konumu anahtarlar1 idi. Bu emniyet anahtarlari
kafesin kapilar1 olan hareket ettirilebilir koruyucularin konumunu izliyordu. Ayrica, giivenlik konumu anah-
tarlar1, onlar1 bozabilecek ve erken asinma ve hasara yol agabilecek zorlu ortamlardan korunmustur. Ancak,
basin-robot sisteminde gesitli giivenlik ilkeleri uygulanmamistir. Ornegin, giivenlik ilkesi giivenlik fonksi-
yonlarini veya kontrolleri ve operasyon kontrollerini ayirmaktir. Giivenlik kontrolii ve operasyon kontroliiniin
ayrilmasi, mekanik, elektrik¢iler ve programcilar tarafindan istenmeyen degisikliklerin giivenlik kontrol siste-
mine yapilmasi olasiligini azaltir. Bizim durumumuzda, boyle bir ayrilik yoktu. Glivenlik fonksiyonlari, pres
icin ayn1 programlanabilir lojik kontroldrler (PLC’ler) ve operasyonel kontrol i¢in kullanilan robotun islevleri
kullanilarak elde edildi. Hi¢bir giivenlik PLC’si kullanilmadi. Giivenlik PLC’leri, glivenlik fonksiyonlarini
kontrol etmek i¢in elektronik programlanabilir sistemler kullanildiginda programda degisiklik yapilmasini
onler. Giivenlik PLC’leri ayrica gereksiz ve hataya dayanikli dahili mimarilere (6rnegin, farkli derleyiciler)
sahiptir. Yazilim ayrica kati kurallar kullanilarak programlanir ve test edilir. Aslinda, pres-robot sistemi igin
giivenlik kontrol sistemi, performans seviyeleri veya PL (yani saat basina tehlikeli ariza olasiligi) acisindan
tasarlanmamustir. izleme ve giivenilirlik ilkeleri PL’leri hesaplamak i¢in kullanilir. PL hesaplamalari devrenin
giris, mantik ve ¢ikis elemanlarmi igerir. Ornekte, girisler emniyet salterleri, mantik standart PLC’ler ve ¢ikis-
lar hidrolik valfler ve elektrik yiiklenicileriydi. Pres-robot sisteminde PL hesaplamalari yapilmadi.

Makinelerdeki 6nemli bir tasarim 6zelligi, glivenlik 6nlemleri bypas edildiginde, yani ig¢inin tehlikeli bol-
gede olmasi durumunda, bakim, kurulum gibi miidahaleler i¢in kontrol modunu igerir. ISO 12100 ve makine
direktifi, operatoriin giivenliginin ayni anda 4 kosulu karsilayan belirli bir kontrol modu kullanilarak saglan-
digin1 belirtmektedir. 11k kosul, belirli kontrol modunun, baska bir ¢alisanin ekipmani yeniden baslatmama-
sin1 saglamak icin makinedeki diger tiim kontrol modlarimni devre dist  birakmasidir. ikinci kosul, spesifik
kontrol modunun, tehlikeli elemanlarin sadece bir etkinlestirme cihazinin, iki elle kontrol cihazinin veya bir
calistir-calistir cihazinin siirekli ¢aligtirilmasiyla saglanmasina izin vermesidir. Bu 6zellik, ¢alisanin tehlikeyi
tam olarak kontrol etmesini saglar. Uciincii kosul, spesifik kontrol modunun tehlikeli elemanlarin sadece dii-
stik riskli kosullarda (6rn. Diisiik hiz, diisiik gii¢/kuvvet, sinirl hareket kontrol cihazi kullanarak adim adim)
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calistirilmasina izin vermesidir. Bu durumun asil amag, zararin ciddiyetini sinirlamak, zarar gérmesini 6nle-
yerek ve buna gore tepki vermek icin yeterli zamana sahip olmaktir. Belirli kontrol modunun dérdiincii sarti,
makinenin sensdrlerinde goniillii veya istemsiz eylemle tehlikeli iglevlerin herhangi bir sekilde ¢aligmasini
engellemesidir. Pres-robot sisteminde, bir ig¢i ¢aligma kafesinin i¢indeyken kablosuz bir kumanda kullanarak
robotu kurabilir ve robotun yanindayken robotun 250 mm/sn. hizla hareket etmesini saglayabilir.

9.2. Isbirlikci Robotik Uygulamalar icin Risk Degerlendirme Siireci

Sadece robot sisteminin kendisini i¢in degil, yerlestirildigi ortami, yani isyerini degerlendirmek igin kap-
saml bir risk degerlendirmesi gereklidir.

Tehlike tanimlama ve risk degerlendirme
« Robottan kaynaklanan tehlikeleri,
« Robot sistemi ile ilgili tehlikeler,

« Uygulama ile ilgili tehlikeleri kapsamalidir.

Tehlikenin Tanimi:
« Robotun tehlikeli hareketi,
« Robot kiskacinin tehlikeli hareketi,
« Caligsma hiicresi igerisindeki makineler,

« Hareket halindeki bir robotun hareketine maruz kalma (isteyerek veya kazara)

X \_ ‘Q i
e )
A
Robotun hareketli mafsalla garpmast Robot Kolunun Carpmas Robot Kiskacimin Carpmass Kiska¢ Ucundaki Parcamn Carpmast
Sikisma Tehlikeleri

o Parmaklann Kiskag ile 5 Pargasi Arasmda Sikismasi
Kiskag ve Fikstir Arasinda Sikigma Parga ile Fikstir Arasinda Sikigma Robot Kolu ve Fikstiir Arasinda Stkaigma ~ Robot Kolu ile Hareketli Mafsal Arasmda Stkigma

Tuzak/Kapma Tehlikeleri

Parmaklan Kiskaca veya Par¢a Bogluguna Kaptirma Parmaklan Kiskaca veya Parga Bogluguna Kaptirma Robotun Kol Baglantisina Kol veya Parmaklan Kaptuma

Sekil 10: Risk Kaynaklari ve Carpma Tehlikeleri (Dominguez, t. y.)
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Diger Tehlikeli Olasiliklar:

Robotun beklenmeyen program dis1 hareketi,

Hiz smirlama hatasi,

Robotun programlanan kuvvet limitleri disinda ¢alismasi,

Proses ekipmani tizerindeki kelepce, hareketli kisimlar ve sicak yiizeylerle temas,

Ornek Bir Kolaboratif Calisma Hiicresi:

O ng
N H /©
< m-#’/// N

Sekil 10: Kolaboratif Calisma Hiicresi(Dominguez, t.y.)

Limitlerin Tamimlanmasi:

Kullanim Limitleri:

Onggoriilen kullanim-Isbirlik¢i ¢alisma hiicresi, sinirlandirilmis kuvvet,
Personel: Operator, bakim ekibi, kalite,

Calisma sirasinda uygulayabilecegi kuvvet sinirlandirilmis is birlik¢i robot, 6 eksende dngoriilen tagima
giicti 10 kg,

Uretilen makine parcalarinin tasinmasi ve transferi isi,

Calisma Boslugu Limitleri:

Calisma ortami temiz ve kuru, igin geregi olarak da ¢alisma alan1 3 X 3 X 2m.,

Zaman Limitleri:

Oran 1/90 s, Goérevin 6mrii 20 yil, Kullanim Orani 5 giin/hafta, giinde 2 vardiya, yilda yaklasik 250 giin,
Normal Operasyon:

Robot bagimsiz olarak ¢alisir ancak,

Operator belirlenen ¢calisma alani igerisinde robota ¢ok yakin ve isin geregi periyodik olarak robota dog-
ru hamleler yapiyor,

Robotun ¢aligma alaninda periyodik olarak kalite kontrol islemleri yapiliyor,
Setup/Ayar:

Vardiya bagina bir kez palet degisimi yeni parcaya gore ayarlanir,

Temizlik:

Her vardiya baglangicinda 2 dakika boyunca c¢alisma alaninda temizlik yapilir,
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Calisma Hiicresindeki Robota iliskin Genel Bilgiler:

« UR 10 tip kolaboratif robot,

« Kullanilacak yiik 100- 250 N,
«  Momentum denetimi mevcut,
« Hiz sinirlayici,

« Eksen sinirlayic,

« Alan smirlayici,

Ayarlanabilen Robotik Yakalayici/Kiskacg:

« Iki tirnag ayarlanabilen elektrikli R 85 tip kiskag,

«  Agirlik 5 kg,

« Uygulayabilecegi kuvvet 5 — 220 N,
Is Parcasina iliskin Bilgiler:

« Agirhik 4 kg

¢ Aliiminyum,

« 30 mm X 80 mm X 80 mm, kenar ve koselerde radiyiis 0,5 MM

Fikstiir:

«  Olcii 500 mm X 300 mm X 40mm

« Biitlin kenarlarda radiyiis 0,50 mm

Pargay1 montaj yerine oturtan basit cep tipi,

Pargalar yumusak bir Sekilde fikstiire oturur,

Tablo 12: Siirece iliskin Yapilan is ve Riskler (Dominguez , t.y.)

is

RiSK

Kapma sirasinda sikisma

Bos kiskag ve parca arasinda ezilme

Kapma sirasinda sikisma

Robot dirsegi ve fikstiir, konveyor, tezgah arasinda ezilme

Kapma sirasinda sikisma

Robot dirsegi ve parca arasinda ezilme

Robot turuna/yoluna yaklagma

Robot koluyla ¢arpisma

Robot turuna/yoluna yaklagsma

Robot dirsegi/mafsaliyla ¢arpisma

Robot turuna/yoluna yaklasma

Kiskagla ¢arpigsma

Robot turuna/yoluna yaklagma

Kiskagctaki is pargasiyla ¢arpisma

Robotun hareket yoluna yaklasma

Kiskag, fikstiir, konveydr, is pargasi arasinda ezilme

Kiskag ¢enesinin gevsemesi

Kiskag, fikstiir, konveyor, robot kolu arasinda ezilme

Kiskag ¢enesinin gevsemesi

Kiskag, robot mafsali, fikstiir ve tezgah arasinda ezilme

Kiskag ¢enesinin gevsemesi

Robot mafsali, fikstiir, konveyor ve tezgah arasinda ezilme

Siirece iliskin kalite denetimi

Kiskag, fikstiir, konveydr, robot kolu arasinda ezilme

Siirece iliskin kalite denetimi

Kiskag, robot mafsali, fikstiir ve tezgah arasinda ezilme

Siirece iliskin kalite denetimi

Robot mafsali, fikstiir, konveyor ve tezgah arasinda ezilme

Dogru par¢a yonu

Kiskag, fikstiir, konveydr, robot kolu arasinda ezilme

Dogru parga yonu

Kiskag, robot mafsali, fikstiir ve tezgah arasinda ezilme

Dogru parga yoni

Robot mafsali, fikstiir, konveyor ve tezgah arasinda ezilme

Robota dokunma veya robotu kavrama

Robot kolu veya mafsali ile birbirine dolanma/sarma

Robota dokunma veya robotu kavrama

Kiskag ile parganin birbirlerine dolanmasi/sarmasi
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9.3. is Birlikci Robotlarda Risk Degerlendirmesi

Insan-Robot is birlik¢i (HRC) uygulamalarinda, operatdrler ve robotlar ortak bir alanda calistiklarindan,
yakin etkilesimleri, operasyonlarin 6ziinden veya operatoriin hatalarindan (talimatlar1 yanlis anlamasindan,
kotii niyetinden) dolay1 dogrudan fiziksel temas olasiligini artirir, bu istenmeyen fiziksel temaslar da operator
icin tehlikeli durumlara yol agabilir. Bu tiir durumlart miimkiin oldugunca tanimlamak ve oOnleyebilmek
icin, asagidaki insan robot i birligi uygulamalarinin giivenlik degerlendirmesi i¢in kapsamli bir yaklagim
tanimlamali ve gelistirilmelidir.

» Risk analizi ve robotik giivenlik standartlarina uymak,

+ Resmi dogrulama ile sistemlerin tasarimi sirasinda 6ngoriilemeyen tehlikeli durumlarin olmamasini sag-
lamak,

*  Operatorlerin davranislarindan kaynaklanan tehlikelere odaklanmak,

« Tehlikeleri otomatik olarak tanimlamak yerine, is birlik¢i robotla ¢alisan operatdriin, operasyonel bakig
acis1 ve deneyimlerini inceleyerek olasi riskleri incelemek,

« Tanimlanan tehlikenin ciddiyetinin tiim sistemin ayrintili analizine (6rnegin, neden oldugu yaralanmanin
siddeti) dayanarak hesaplanan risk ad1 verilen niceliksel bir deger olarak tahmin edilmesi,

« Riski ihmal edilebilir bir esige indiren Risk Azaltma Onlemleri olarak bilinen uygun ¢dziimleri dnermek,

Yukarida belirtilen faktorleri saglama yaklagim, sistem 6zelliklerinin spesifikasyonu ve dogrulanmasi igin
resmi yontemleri kullanir ve asagidaki adimlara odaklanir.

« Robotik cevrelerle, giivenlik gereksinimleri, tehlikeler ve bunlara iliskin ¢dziimler hakkinda ortak bir an-
lay1s elde etmek icin gercek bir (HRC insan robot is birligi) vaka ¢aligmasi gézlemlenir,

« Uygulamalari tanimlamak ve minimum diizeyde giivenlik sagladiklarin1 dogrulamak i¢in tutarl bir meto-
doloji tanimlanir,

«  Uclii metrik zamansal mantigin ¢ziilebilir bir par¢asini kullanarak vaka ¢alismasinin modiiler bir modeli-
ni olusturulur ve Zot (sinirlt bir dogrulama denetleyicisi) aracini kullanarak tanimlanan metodolojiye gore
yinelemeli bir dogrulama uygulanir,

*  Model genellestirilir, boylece gerekli olan en az sayida degisiklik ile farkli vaka calismalarina uyarlana-
caktir,

*  Yeni vaka ¢alismalar1 ile modelin metodolojisini ve genelligini degerlendirilir,

« Giivenlik miithendislerinin bir sistemi tasarlamasina yardimci olacak bir ¢erceve olusturulur ve tasarimi
giivenilir hale getirmek i¢in miimkiin oldugunca ¢ok kez yinelemeli olarak donatilir,

« Sistemi izlemek, tehlikeleri tespit etmek ve uygun aksiyonu zamaninda devreye almak icin giivenlik mii-
hendislerine yardimei olacak Sekilde ¢ergevenin kullanimini ¢alisma siiresine genisletilir,

9.4. insan-Robot isbirliginde Resmi Dogrulama Yoluyla Giivenlik Analizi

Insan-Robot is birligi (HRC) uygulamalarinda, robot ve operatdr arasindaki yakinlik ve dogrudan etkilesim
kaginilmaz oldugundan, operatdr i¢in giivenlik saglamak daha fazla ¢aba ve daha titiz bir yaklagim gerektirir.
Bu nedenle, makine giivenligi ile ilgili otoriteler, HRC uygulamalarinda 6nemli tehlikelerin bir listesini,
operatdr igin potansiyel tehlike kaynaklarini, olasi kokenlerini ve robotik ¢oziimlerin tasarimina ve dagitimina
rehberlik etmek icin giivenlik diizenlemelerini ieren cesitli standartlar yayinladilar. Ozellikle, ISO standardi
10218-2, insanlar ve endiistriyel robotlar arasindaki dort olasi is birligi modunu tanimlar. Bunlardan Gii¢ ve
kuvvet sinirlamas1 (PFL), gercek fiziksel temasi igeren ve insan viicudu iizerindeki etkileri sinirlamak i¢in
basing ve kuvvet esikleri agisindan siki giivenlik gereklilikleri ile iligkilidir.

HRC uygulamalari, operatoriin kasitli veya bilingsiz hatalar1 nedeniyle mevcut tehlikeleri ve istenmeyen
durumlarini tanimlamak ve niceliksel risk degerleri acgisindan 6lgiilen sonuglarini 6nlemek i¢in ISO standardi
12100°de belirtilen analiz yoluyla degerlendirilmelidir.
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Sekil 7, standart yinelemeli risk analizinin agsamalarin1 gostermektedir (Avrupa direktifleri durumunda CE
isaretine yol agmaktadir).

« Makinenin Smirlari: Robotun istenen gorevleri ve makine diizenlemeleri ve kisitlamalar belirlenir.

+ Tehlikelerin Tanimlanmasi: ISO 10218-2 gibi iiriine 6zgii standartlarda listelenen tehlikelerin (ve bunlarin
kombinasyonlarinin) varlig1 belirlenmistir,

+  Risk Tahmini: Onceki adimda tanimlanan tehlikelerle iliskili risk degerleri dl¢iiliir. Belirlenen puanlama
yontemine gore, bunlarin tiimii zararin ciddiyetiyle olasiligin1 birlestirir.

« Risk Degerlendirme: Her tehlikenin 6nemi degerlendirilir. (ISO14121-2:2007, Safety of machinery- Risk
assessment- Part 2)’de bildirilen yontemler, risk skorlari i¢in kabul edilebilirlik araligini belirlemeye yar-
dimect olur.

« Riskin Azaltilmasi: Risk degeri ihmal edilebilir degilse, uygun giivenilirlik ve kullanilabilirlik gereksi-
nimlerine gore dogrulanmas: gereken, ya tehlikeyi ortadan kaldirmak i¢in sistemi yeniden tasarlayarak
ya da bir giivenlik fonksiyonunun tanitilmasi yoluyla 6rnegin, bir koruma sensoriinden gelen bir sinyal
durumunda tam durdurma), her riski azaltmak i¢in uygun dnlemler (yinelemeli olarak) uygulanir.

Siireg, yeni bir risk tanimlanana ve artik risk degeri kabul edilene kadar yinelemeli olarak devam eder. Risk
azaltma Onlemleriyle ilgili tehlikeler veya bu tiir 6nlemlere tepki olarak operatdr davraniglart nedeniyle yeni
riskler ortaya ¢ikabilir. Cihazlar ve koruma 6nlemleri eylemlerin gidisatini degistirebilir (kullanim ve yanlig
kullanim).

HRC uygulamalarinda resmi dogrulama yoluyla giivenlik analizi (SAFER-HRC Safety Analysis through
Formal verification in HRC applications), hedef sistemin davranisinin resmi yontemlerine dayanan kapsamli
bir arastirma yoluyla tehlikeleri, ayrintili ve kapsamli bir Sekilde tanimlama olanagi veren, bi¢cimsel yontem-
lere, hedef sistemin davranisina dayanan bir metodolojidir. Farkli tehlike tiirleri arasinda (6rnegin; elektrik, er-
gonomik), bu caligma, insan-robot etkilesimlerinden kaynaklananlara gore 6zel bir odaklanma ile operasyonel
tehlikeleri ele almaktadir. SAFER-HRC bir sistemdeki tiim olasi tehlikelere ulasamasa bile, metodolojinin da-
yandig1 kapsamli aragtirma, hi¢bir 6nemli tehlikeli durumun dikkate almadan birakmaz. Operatoriin tiim olas1
davraniglarint 6ngérmenin imkansizlig1 nedeniyle, operatdriin ve sistemin tiim olas1 etkilesimlerinin dikkate
alindig iddia edilemez, bununla birlikte, resmi dogrulama tekniklerine dayanan yinelemeli bir metodoloji,
sonugta tiim 6nemli olanlarin kapsamli bir analizini saglayabilir. Her yinelemede, tasarim istenen giivenlik
gereksinimlerini karsilamazsa, yeni risk azaltma onlemleri eklenerek gelistirilir. Bu metodoloji, “dongiide
insan” yaklagimina dayanir ve risk azaltma onlemlerini otomatik olarak segcmez.
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Sekil 10: Giivenlik Analizin Metodolojisine Genel Bakis (A); Standart Prosediir (b)
SAFER-HRC’nin Temel Modeli (c) Senaryo lyilestirme (Askarpour ve digerleri, 2016)
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Sekil 10 (b)’de gosterildigi gibi, glivenlik stratejisi, degerlendirilen uygulamanin uzmanlarindan ve
kullanicilarindan olusan bir grup tarafindan tasarlanir ve onaylanir (giivenlik degerlendirme ekibi). Onerilen
metodolojinin temel yoni, kisitlamalarin ve bunlarin olasi ihlallerinin uygulamanin tim asamalarinda
sistematik olarak dogrulanmasidir. Dogrulamanin titizligi, se¢ilen glivenlik stratejisinin sorunsuz olmasini
saglar. SAFER-HRC, is birlik¢i gorevlerin gayri resmi, hedefe yonelik agiklamalarindan baslar ve bunlar
mantiksal formiiller {izerine insa edilmis, giivenlik gereksinimlerinin karsilanip karsilanmadigini kontrol et-
mek icin resmi dogrulama teknikleri uygulandigi, resmi modellere doniistiiriir. Model, operator ve robot igin
ayr1 formaliteler igerir; bu nedenle de dogrulama asamasi, fiziksel ortamdan nasil etkilendiklerini dikkate
alarak etkilesimlerini de kontrol eder. Ana model iyice analiz edildikten sonra, HRC uygulamasi i¢in farkl
senaryolar1 incelemek i¢in degistirilebilir ve yeniden kullanilabilir (6rnegin, farkli giivenlik islevlerinin kom-
binasyonlari, operatdr tarafindan olagandist eylemler).

Yapilan ¢aligmada, metodolojinin temel katkilar1 asagidaki gibi 6zetlenebilir;

e Operatoriin varligi, sistem davranisinin éngdriilebilirligini olumsuz yonde etkiledigi, HRC uygulamala-
rinin giivenlik degerlendirmesine bigimsel yontemlerin uygulanmasi, ayn1 zamanda titizlikle calisiimasi
gereken zorlu gilivenlik standartlarini da uygular.

« Giivenlik degerlendirme ekibinin farkli tasarim varsayimlarini derinlemesine kesfetmesini destekleyen
esnek bir yaklasim saglamak, boylelikle insan anlayisini bi¢imsel dogrulamanin giicliyle tamamlar.

9.5. Safer-Hrc Metodolojisine Genel Bakis

SAFER-HRC, is birlik¢i robotik sistemlerin tasarimi sirasinda ISO 10218’de belirtilen gilivenlik gerek-
sinimlerinin ihlalini ¢ikarmak i¢in resmi dogrulama tekniklerinden yararlanan yari otomatik bir dogrulama
metodolojisi. Sekil 7 (b)’de gosterildigi gibi, SAFER-HRC’nin merkezinde bir giivenlik degerlendirme ekibi
(SATeam) bulunur. Robotik ve bicimsel yontemler uzmanlarini iceren SATeam, makinelerin sinirlamalarin
ve hedef robotun gorevlerini inceler ve olasi insan-robot etkilesimlerini tahmin eder. Ayrica ISO 12100°de
listelenen tehlikelerden hangisinin ortaya ¢ikabilecegini de belirler ve ISO standardi 14121°de tanimlanan risk
diizeyine dayali teknikleri degerlendirir. SAFER-HRC’de SATeam, bu faaliyetleri desteklemek ve sistematize
etmek icin HRC uygulamasinin resmi bir modeline dayanir. Daha dogrusu, SATeam gorevlerin gayri resmi,
metinsel tanimlarindan baslar ve daha sonra UML diyagramlarin1 resmi gosterime dogru bir koprii olarak
olusturur.

9.6. isbirlikci Robotlar ve Risk Analizi

Geleneksel robotlar, ¢esitli koruyucu ¢it ve elektronik dnlemler altinda uzunca yillar oldukga agir isler yap-
mislar, ancak calistiklar alana higbir canlinin girmesine izin verilmediginden, kendilerine ayrilan bolgede hep
yalmz baslarina calismuslardir. Isbirlikci robotlarm devreye girmesiyle birlikte, ¢alisma ortami tama-
men degismis, robotun ¢alistig1 ortami ¢evreleyen koruyucu ¢itler, 151k perdesi ve benzeri koruyucu elemanlar
devre dis1 kalmis, buna ek olarak ta ¢aligsma alanlarinda insanlarla is birligi i¢erisinde ¢alisir hale gelmislerdir.

Geleneksel robotlarda, robot yalniz ¢alistigindan ve de risk olusturabilecek her objenin robotun ¢alisma
alanina girmesi engellendiginden, is kazasi riskleri, is birlik¢i robotlara gére cok daha azdi, zira is birlikei
robotun is birlik¢i alanda siirekli olarak operatdrle birlikte olmasi insanin da karisabilecegi kaza riskini biiyiik
Ol¢iide artirmigtir. Bu nedenle, riskleri minimize edebilmek igin, ¢alisan i¢in yaralanma siddeti ve olusma ola-
silig1, farkli parametrelerle belirlenmesi, robotik sistem ve ¢evresinin de is birlik¢i ¢alisma agisindan giivenli
kabul edilmeden 6nce belli giivenlik seviyelerini kargiladiginin saptanmasi gerekir.

Potansiyel bir tehlikenin giivenlik icin kabul edilebilir standartlar1 asip asmadiginin belirlenebilmesi igin
tek yol bir risk degerlendirmesi yapmaktir. Uygun bir risk degerlendirmesi yapmak i¢in, is birlik¢i robotun
yani kobotun, ¢alisacagi lilkenin ilgili standartlarinin ve diizenlemelerinin mutlaka dogrulanmasi gerekmekte-
dir. Bunun i¢in de en ¢ok isletmedeki robot integrasyonu yapacak olan firmanin destegi 6nemlidir.
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ISO / TS 15066 teknik sartnamesinin son siirimii ile birlikte, is birlik¢i robotlar i¢in Risk Analizinin
giincellenmis bir versiyonu gerekliydi. Geleneksel robotlardaki baz1 spesifikasyonlar, yeni parametrelerle ve
giivenlik gereksinimleriyle harmanlanarak kobotlar icin siirekli revizyonlar: da iceren ISO / TS 15066 olus-
turulmustur.

Glinlimiizde, kolaboratif robotlar, endiistrinin hemen hemen biitiin dallarinda yaygin bir sekilde pazar-
lanirken, bunlara iliskin olas1 glivenlik sorunlar1 ve endiseler hakkinda da ayrintili bilgi vermek gerekli ol-
mustur. ISO/TS 15066 teknik spesifikasyonunun ortaya ¢ikmasiyla birlikte, is birlik¢i robot uygulamalarinin
insanlarla birlikte kullanim i¢in giivenli oldugundan emin olmak i¢in birgok veri, hesaplama ve metodoloji
gelistirilmistir. Bununla birlikte, teknik sartnamenin robotun sertifikasyonu ve uygulamasi iizerinde higbir
etkisi yoktur, bu ylizden de robot iireticileri robotlarin1 akredite etmek i¢in {i¢ilincii taraflardan destek almak
zorundadirlar. Bu, belirlenmis bazi harici giivenlik organlarina gore, belirli kosullar altinda robotun bir arag
olarak giivenli oldugunun teyidi ve sertifikalandirilmasi anlamina gelir. Bu belgenin anlami, uygulamanin
otomatik olarak giivende olacagindan daha ¢ok, uygulamanin biitliniiyle bir risk analizi gerektirdigi anlamina
gelir. Bu yiizden, isletmedeki herhangi bir yeni durum i¢in yeni bir risk analizi olusturmak i¢in ge¢mis dene-
yimlerin kullanabilmesini saglamak adina giivenlik agisindan bir i¢ bilgi olusturulmasi gerekir.

Her ne kadar, her tiirlii makine ve ekipmanin {liretimi, yonetimi ve giivenligi, o makine veya ekipmanin
kullandig1 norm ve yonetmelikler dogrultusunda saglanmak durumunda olsa da bu standartlar, diinya ¢apinda
kabul gordiigii, onaylandigy, ilactan robot giivenligine kadar her tiirlii tiriiniin normlarini olusturan Uluslara-
rast bir Standart Organizasyonu (ISO) tarafindan yonetilmektedir. Bu kurulus, tasarim, malzeme, iiriin, siireg,
hizmet, sistem ya da kisilerin kullanim1 ve performansi hakkinda yol gosterir.

Standartlar, kalite, ekoloji, giivenlik, ekonomi, giivenilirlik, uyumluluk, birlikte ¢calisabilirlik ve verimlilik
gibi mal ve hizmetler i¢in temel 6zelliklerin tutarliligini saglar. Dolayisiyla standartlar, temelde belirli bir {iriin
veya iiretim siireci i¢in giivenlik yonergeleri dahilinde seyler iiretmek i¢in izlenmesi gereken bir kilavuzdur
diyebiliriz. Bununla birlikte, bir standart yasal olarak baglayic1 olmayip, ancak gercekte genellikle hukuk etki-
sine sahip diizenlemelerdir. Bu yiizden de standartlar yasa olmasa da yasalar1 tamamlamak i¢in kullanilabilir-
ler ve bu nedenle ¢ogu zaman bunlara dahil edilirler. Dolayisiyla, bir yonetim 6rgiitli bir yasay1 yayinliyorsa,
muhtemelen tamamen yeni bir standardi yeniden icat etmek yerine, diinya uzmanlari tarafindan halihazirda
olusturulmus ISO veya baska bir standarda atifta bulunmay1 tercih ederler. Daha sonra farkli mevcut yasalar
birlestirilebilir ve halihazirda izlenmekte olan standartlara atifta bulunularak, yasanin karmasiklig1 azaltilabi-
lir. ISO disinda, ayn1 zamanda standartlar1 belirleyen Uluslararasi Elektroteknik Komisyonu (IEC/Internati-
onal Electrotechnical Commission) gibi robot hiicresine gore standartlar saglayabilecek kuruluslar da vardir.

Standartlar1 yayimlayan bazi kuruluglar asagida belirtilmistir:

ISO (The International Organization for Standardization): Uluslararas: Standardizasyon Orgiitii, ge-
sitli ulusal standart kuruluslarinin temsilcilerinden olusan uluslararasi bir standart belirleme organidir. Kuru-
lus, diinya ¢apinda tescilli, endiistriyel ve ticari standartlari tesvik etmektedir.

OSHA (The Occupational Safety and Health Administration): Mesleki Giivenlik ve Saglik Idaresi,
Amerika Birlesik Devletleri Calisma Bakanligi’nin bir kurumudur. Gérevi, standartlar belirleyip uygulayarak,
sosyal yardim, egitim ve yardim saglayarak calisan erkekler ve kadinlar i¢in giivenli ve saglikli ¢alisma ko-
sullar1 saglamaktir.

ANSI (The American National Standards Institute): Amerikan Ulusal Standartlar Enstitiisii, Amerika
Birlesik Devletleri’ndeki iirlinler, hizmetler, siirecler, sistemler ve personel i¢in goniillii konsensiis standartla-
rinin gelistirilmesini denetleyen, kar amaci giitmeyen 6zel bir kurulustur.

CSA (The Canadian Standards Association): CSA Group’un bir b6liimii olan Kanada Standart Kurumu,
57 alanda standartlar gelistiren, kar amaci giitmeyen bir standartlar kurulusudur. CSA, basil1 ve elektronik
ortamda standartlar yayinlar ve egitim ve danismanlik hizmetleri saglar ve endiistri, hiikiimet ile tiiketici grup-
larindan temsilcilerden olusur.

Bunun disinda, her iilke veya bolge kendi kanunlar1 veya yonetmelikleri i¢in hangi standardi kullanacagina
karar verebilir. Bununla birlikte, Conformité Européenne (CE) gibi diger kuruluslar, tiim Avrupa Birligi i¢in
direktifler uygulamaktadir. Bu organizasyon standartlar yazmamakta, ancak Avrupa Birligi tilkelerinde tireti-
len veya ithal edilen iirlinlere yasal yonergeler saglamaktadir.
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ISO standartlar, iist seviye standardi ilk referans olacak sekilde olusturulmustur. Cesitli standart seviyeleri
arasinda, robotlar, endiistriyel robotlar, kolaboratif robotlar i¢in gegerli olacak en spesifik giivenlik standart-
lar1 da yer almaktadir.

Aslinda, A-Seviye standartlar en yiiksek diizey standarttir. Temel giivenlik bilgisi, temel tasarim 6zel-
likleri ve genel makine yonleri i¢in gecerlidirler. B-Seviye standartlari, farkli makine tiirlerinde bulunabilen
belirli cihazlara daha 6zeldir. Yine de genel bir standarttir, ancak belirli giivenlik 6zelliklerine girer. C- seviye
standartlari, belirli bir makine tiirii, 6rnegin bir robot i¢in 6zel giivenlik gereksinimleridir. Tablo 1°deki diyag-
ramda asagiya inerken, iiriiniin veya siire¢ i¢in daha fazla spesifik maddelere rastlariz. Ornegin, ISO 12100-
Makine giivenligi, tlim makine tiirleri i¢in risk degerlendirmeleri ve risk azaltma gibi farkli temel kavramlari
tanimlar. Ancak, ISO 10218-Robotlar ve robotik cihazlar, 6zellikle robotik i¢in yazilmistir ve endiistriyel ro-
botlar i¢in glivenlik gereksinimlerini detaylandirmak i¢in robotik drnekler kullanir. Her iki standart da hemen
hemen ayni islevi, yani makine emniyetini saglar, ancak ISO 10218 tamamen robotlara 6zgiidiir.

2014 yilinda yayinlanan ISO 13482, yakin insan robot etkilesimi ve hatta insan robot temasi saglayan Ki-
sisel Bakim Robotlarina 6zeldir.
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Tablo 13: Standart Seviyeleri (Bélanger, 2016)

Revize edilmis ISO 10218 standard1 Boliim 1 ve 2 ve ISO/TS 15066 Teknik Sartnamesi, robotlar ve 6zel-
likle is birlik¢i robotlar i¢in glivenlik gereksinimlerini tanimlar.

Robotun kendisinin yani sira, bu baglamda is birlik¢i robot, son efektoriinii (yani robotun gorevleri yerine
getirdigi robot koluna takili ara¢ ile onun tarafindan taginan nesneler, ¢evresi ve tiim potansiyel etkilesimleri
ierir. Isbirlik¢i robot ile operatdr arasindaki yakin veya dogrudan temas, ¢arpisma olasiligini tanim geregi
dogurur. Robot lireticisinin risk analizi bu nedenle amaglanan endiistriyel ¢aligma alanini da kapsamalidir.

+ Teknik Sartname:

Teknik Sartname, bir teknik komite iiyeleri arasindaki bir anlagsmay1 temsil eder ve bu komite {iyelerinin
%66°’s1 tarafindan onaylanirsa yayina kabul edilir. Teknik Sartnamenin igerigi, bir ISO komitesi i¢indeki tek-
nik fikir birligini temsil eden normatif bir belgedir. ISO/TS 15066, is birlik¢i robotlarla dogrudan ilgili ¢ok
fazla bilgiye sahip olmayan ISO 10218 i¢in daha fazla veri ve destek saglamak amaciyla piyasaya siiriildii. TS
(Teknik Sartname) terminolojisine sahiptir, ¢linkii daha fazla uygulama bilgisi ve verisi standart olarak akredi-
te edilmeden &nce analiz edilmelidir, hala iizerinde yeni ¢aligmalar yapilmaktadir. Isbirlik¢i robotlar
icin  bir kuvvet/enerji/hiz sinir1 olusturmak i¢in gelecekteki herhangi bir standardin tasariminda kabul edile-
bilir agr1 diizeyleri ve viicut pargast ataleti gibi 6nemli veriler goz 6niinde bulundurulmalidir.
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Risk Analizi:

Risk degerlendirmesinin ger¢ek tanimini; “Bir duruma dahil olan risk seviyelerinin belirlenmesi,
degerlendirilmesi ve tahmin edilmesi, bunlarin, kiyaslamalar veya standartlarla karsilastirilarak ka-
bul edilebilir bir risk seviyesinin belirlenmesi.” olarak yapabiliriz. Robotik ortamda, potansiyel riskleri
degerlendirmek ve daha sonra robotik bir sistemin ¢aligmasi sirasinda bir is¢iye olasi zarar verme riskinin
kabul edilebilir seviyelere ulasmak amaciyla bunlar1 azaltmak i¢in bir risk degerlendirmesi kullanilir. ISO
standardina uymak, tiim makinelerin giivenli oldugundan emin olmak i¢in bir risk degerlendirmesinden geg-
mesi gerekir. Bazi cihazlar tireticileri veya tigiincii bir taraf¢a zaten onaylanmistir ve bu, 6rnegin robot ak-
tiiator gibi belirli parcalarin giivenlik seviyesini dogrulanmasi gerekmediginden risk degerlendirme siirecini
basitlestirecektir. Ancak, robotun dahili bilesenleri ve yazilimi1 onaylanmis olsa bile bu, ¢evresindeki ortama
gore giivenli oldugu anlamina gelmez. Ozellikle endiistriyel uygulamalarda kullanim o kadar gesitlidir ki,
bir par¢a iireticisinin herhangi bir siireci onaylamasi imkansizdir. Risk degerlendirmesinin devreye girdigi
yer burasidir. Sistem/ler s6z konusu oldugunda, her bir cihazi ayr1 ayr1 degil, her endiistriyel uygulamay1 bir
biitiin olarak degerlendirmeniz gerektigidir. Sertifikal1 bir robot tarafindan kullanilan keskin bir parca veya
bicak 6rnegini alirsaniz, bu, her parca kendi i¢inde ve kendi bagina giivenli olsa bile uygulamanin giivenli
oldugu anlamina gelmez.

» Risk Analizine Neden Gerek Vardir?

Calisanin gilivenligini saglamak igverenin sorumlulugundadir. Risk analizi, ig¢i giivenligini saglamaya
yonelik bir aragtir. Diinyanin bazi bolgelerinde, yerel yasalar ve diizenlemeler, fabrikada kurulan herhangi
bir makine i¢in bir risk degerlendirmesi yapmay1 zorunlu kilar. Yonetim bolgelerinin tiimii standartlara
uymanizi gerektirmez, ancak ¢ogu giivenlik kurumunun gilivenlik standartlarin1 iceren veya bunlara atifta
bulunan kanunlar1 olacaktir. Bu durum, genellikle kendi giivenlik yonergelerine sahip olan biiyiik sirketler
icin de gecerlidir. Bu nedenle, robotun kullanilacag: tilkedeki yasalara uymak ve is¢i giivenligini saglamak
icin robotik hiicreyi entegre ederken ve tasarlarken o iilkeyle ilgili bazi standartlara, ISO veya digerine uymak
gereklidir. Risk analizi, daha sonra ya iilke ya da kiiresel diizeyde isyeri giivenligini saglamak i¢in se¢ilmis
standartlar dogrultusunda gerceklestirilir. Robotik hiicrenin giivenliginin saglanmasi istenen durumlarda, se-
¢ilmis standartlarin gerektirdigi tim noktalara gore testler yapmak ve ¢alisma hiicresini giivenli hale getirmek
gerekecektir. Ayrica hiicrenin performansi da bu standarda gore belgelemelidir.

» Risk Analizi Siireci:

Robotik hiicrelerde kullanilan ¢ogu cihaz zaten belirli bir performans seviyesine sahip olacagindan, son
kullanic1 veya entegrator i¢in risk degerlendirmesi ¢ogunlukla uygulamanin kendisiyle ilgili olacaktir. Siirece
iliskin asamalar asagidaki semada belirtilmektedir.
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-

Sekil 11: Risk Degerlendirmesi Siireci (Bélanger, 2016)
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Kapsamin Belirlenmesi:
- Risk degerlendirmesinin bu boliimii, makinenin kullanim baglaminin bir ag¢iklamasidir.
- Robot nerede (hangi proseste) kullanilacak?
- Proses sirasinda hangi takimlar kullanilacak?
- Hangi nesneler operasyonun bir parcasi olacak?

Sorularina yanitlar aranir. Ayrica, robotun maksimum hizi, ivmesi, uzanma mesafesi, kaldirabilecegi yiik
kapasitesi ve parca agirliklar1 da bu ¢alismaya eklenmelidir. Disk degerlendirmesinin gercekei olabilmesi i¢in
bu degerler ¢ok dnemli olup, belki buna diger bazi bilgileri de eklemek gerekebilecektir.

Risk/lerin Belirlenmesi:

Tehlike olusturabilecek her tiirlii islemin listelenmesi gereklidir. Bu islemler yalnizca robotun ¢alismasini
degil, robotun kamyondan teslim edildigi andan hizmetten ¢iktig1 ana kadar her seyi igerir. Analizin bu kism1
biraz abartili goriinebilir, ancak bazen kiiglimsenebilir. Gegtigimiz yillarda, bir robotun kurulum siirecinde bir
is¢iyi ezip Oldiirdiigii trajik bir vakay hatirlarsak, bu yapilan islerin hig te abartili olmadigini rahatlikla gore-
biliriz. Dolayistyla, bir risk analizi, robotun 6mrii boyunca farkli hareketlerini ve eylemlerini analiz edecek ve
her islemi daha fazla analiz i¢in basitce bolecektir. Bu siirece goreve dayali risk analizi ad1 verilir.

Risk/lerin Tahmini:

Risk tanimlama analizi sirasinda yapilan gozlemlere gore, verilen hareketlerin risklerini derecelendiril-
mesi gerekir. Bir riski izlemenin veya derecelendirmenin ¢esitli yollar1 vardir. Agiklamayi basitlestirmek icin,
ISO 13849-1: 2006°da kullanilan ayn1 6rnek kullanilabilir.

Risk, Performans Seviyesi derecelendirmesi (PLr) terminolojisi kullanilarak tahmin edilir. Bu analiz, ii¢
farkli parametre kullanir: yaralanmanin Siddeti (S), bir tehlikeye maruz kalma siklig1 (F) ve tehlikeden ka¢in-
ma olasilig1 (P).

Dolayistyla, bir riski tahmin etmenin temel yolu, her bir parametreyi derecelendirmek ve risk seviyesinin
ne oldugunu gérmek icin bir risk tahmin agacindan gecmek olacaktir. Risk degerlendirme agacinda, en tstteki
durum en diisiik riski ve en alttaki durum en yiiksek riski temsil eder.

Yaralanmanmin Tehlikeye Tehlikeden Performans
Ciddiyeti Maruz Kalma Kacinma Seviyesi
Sikhign
Driisiik
F1 ||
P2
=2 Diisiik
Pl
F2
P2
Pl
Fl1
P2
52
P1
F2
L Yiiksek
Risk

Sekil 12: Risk Tahmin Diyagrami (Bélanger, 2016)
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PLr’yi 6lgmek icin asagidaki parametrelerin degerlendirilmesi gerekir.
S: Yaralanmanin Siddeti,
- S1: Hafif (normal geri dondiiriilebilir yaralanma),
- 82: Ciddi (normalde geri dondiiriilemez yaralanma veya 6liim),
F: Tehlike s1iklig1 ve / veya maruz kalma siiresi,
- F1: Nadiren daha az siklikta ve / veya kisa maruz kalma siiresi,
- F2: Sik sik ve / veya siirekli ve / veya uzun maruz kalma siiresi,
P: Tehlikeden kacinma veya zarari simirlama olasihigy,
- P1: Belirli kosullar altinda miimkiindiir,
- P2: Nadiren miimkiin,

Bazi tanimlamalar, parametreleri iki yerine ii¢ veya daha fazla farkli yogunluga boler. Bu, riskin daha
kesin bir tahminini verecektir. Her durumda amag, robotik hiicre i¢in riskin ¢ok yiiksek olup olmadigini belir-
lemektir. Bu da bizi risk analizinin bir sonraki adimi olan risk degerlendirmesini giindeme getirir.

Risklerin Degerlendirilmesi:

Proseste saptanan riskleri belirledikten sonra bu riskleri azaltmak i¢in gereken eylemlerin iizerinde calisil-
malidir. Performans Diizeyi Derecelendirmesi (PLr) ile genel Performans Diizeyi (PL) arasindaki baglantilar
gozden gecirilmelidir. Bunu yeniden ifade etmek igin, ¢alisma hiicresinin veya uygulamanin ytiksek bir riske
sahip oldugunu tahmin ediliyorsa (PLr = yiiksek), bu uygulamanin Performans Seviyesi de d (PL > d)’ye esit
veya daha biiylik olacaktir. Bu durumda d veya e. Bu, riskin mevcut tehlike seviyesini kabul edebilecek bir
cihaz tarafindan izlenmesini veya giivence altina alinmasini saglar.

PLr PL
a

Diisiik b
Orta c
d

e

Sekil 13: Risk Degerlendirme (Bélanger, 2016)

Cogu durumda, ¢alisanlarin glivende oldugundan emin olmak i¢in diisiik ya da ihmal edilebilir kategoride
olmak istenir. Bu kabul edilebilir kategori disinda olunmasi durumunda, ¢esitli kademelere bagvurulmalidir.
Risk degerlendirmesi potansiyel olarak ytiksek bir risk veriyorsa; bu risklere odaklanmak ve bunlar1 azaltmak
veya ortadan kaldirmak gereklidir. Riskler azaldikca, risk analizi i¢in risk tanimlama zincirinin yedeklenmesi ve
indirilen riskin baska bir risk olusturmadigindan emin olmak i¢in tiim siireci yeniden tamamlamak gerekir. Di-
yelim ki carpigsmalari1 6nlemek i¢in bazi korumalar entegre edilmek isteniyor, ancak bu koruma, bakim islemleri
sirasinda bir ¢alisanin ezilme olasiligini artirtyorsa, bu durumda bu korumanin yapilandirmasini tekrar gézden
gecirerek konfigiirasyonun degistirilmesi gerekir. Herhangi bir konfiglirasyon degisikliginde sistemin tama-
mint gézden gegirmek gerekir.

Risk Azaltma Siireci:

Bir onceki boliimde belirtildigi gibi, risk sinirlamasinin, azaltmanin veya énlemenin robot hiicresinin di-
ger yonleriyle catismadigindan veya robot hiicresi uygulamasinda baska bir yerde ¢alisanlar i¢in daha biiyiik
bir risk olusturmadigindan emin olmaniz gerekir. Bu siire¢ gergekten yinelemelidir ve zincire geri donerken
her potansiyel riski g6z oniinde bulundurarak ve yeniden degerlendirerek ¢ok dikkatli bir sekilde yapilmasi
gerekir.
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« Isbirligine Dayah Uygulamalar i¢in Risk Analizi Nedir?
Dort tiir is birligine dayal1 (kolaboratif) uygulama vardir;

- Smirlandirilmis giivenli durus,

- Elle yonlendirme,

- Hiz ve mesafe izleme,

- Gig ve kuvvet smirlama,

Robot sistemi, @
galiganlar
herhangl bir )
tehlikeye maruz A
Kalmadan 6nce A '
durur, ancak
robotun glig —
baglantisi agik |5, yisntem, insan-robot etkilegimi igin
kalrr glivenli olmayan uygulamalarda dahi
/\ glivenlik kafesi gerektirmeden robot
kullantiimasint mimkiin kilmaktadir.

Universal Robots e-Series Urlinlerini segen
son kullanicilar, durdurma siresi ve
mesafesi istedikleri gibi 6zellestirerek
guvenlik tarayicilanyla daha kolay bir
entegrasyon saglayabilir.

Sekil 14: Smiflandirilmis Giivenli Durus Yontemi (Kobotlarla Caligmaya Hemen Baslayin, t.y.)

Simirlandirilmis Giivenli Durus:

Baska bir deyisle, operator is birligi alanina girdiginde robot durur. Robot bir lazer tarayici, giivenlik anah-
tarlart veya bir insanin varligini algilayan bir gérme sistemi tarafindan izlenir, sistem daha sonra ihlal eden
operatOriin zarar gérmemesini saglamak icin tim robot hareketlerini kapatir. Robot giivenlik agisinda tiim
hareketlerini durdurmus olsa dahi, tim konumlar1 izlemeye devam eder ve tamamen kapanmamustir. Bir kaza-
y1 onlemek i¢in, bir islemci robotun olmas1 gereken yerde olup olmadigini analiz ediyor. (Giivenlik Seviyesi
3). Bu tiir bir is birligi, robotun bir ig¢iye yakin ¢alisiyor olmasi gerektigi, drnegin bir robotun agir bir seyi
kaldirmasi gerektigi ve operatoriin parca tizerinde ikinci bir islem yapmasi gerektigi durumlarda kullanilabilir.
Robotun genellikle, operator ortak calisma alanina girmeden 6nce durdurulur.

Elle Yonlendirme:

Operatir, elle
kontrol edilen bir
cihaz yardimiyla

veya robot
L kolunu elle
Robotun hareket E?tirere_k
fiziksel olarak robotun islemi
cahstinlmasini tamamlamasini
ifade eder, saglar.

Sekil 15: Elle Yonlendirme Yontemi (Kobotlarla Calismaya Hemen Baglayin, t.y.)

Bu durumda, robotun hareketleri yalnizca operatoriin dogrudan aldigir komutlar kullanilarak miimkiindiir.
Yani robota nereye gidecegi ve neler yapacagi tam olarak 6gretilmistir. Bu tiir is birlik¢i robotlar kendilerine
uygulanan giicii algilama yetenekleri vardir. Bu uygulamalar1 ger¢eklestirmek i¢in robot bilegindeki veya ro-
bot aktliatordeki kuvvet tork sensdrleri kullanilabilir.
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Hiz ve Mesafe izleme:

Alan tarayict gibl hariei glvenlik ekipmanlan, insan ile
robot arasindaki minimum mesafe sartlan yerine
getirlmediginde — &rnedin, insan robota fazla
yaklagtiinda — robotu yavaslatir.

s S

[ |
e & & © & @ © ® o o

Sekil 16: Hiz ve Mesafe izleme Yéntemi (Kobotlarla Calismaya Hemen Baslayin, t.y.)

Bu tiir bir is birligi, robot ¢aligma alaninda farkli giivenlik bolgeleri sinirlandirildiginda elde edilir. Bazi
bolgelerde robot i¢in maksimum hiza izin verilirken, bazi bolgelerde operatdriin potansiyel yakinligi nede-
niyle daha diistik hizlar gereklidir. Diger bolgeler, genellikle operator robota ¢cok yakin oldugu igin robotu
tamamen durdurur. Giivenlik bolgesinin izlenmesi, cogunlukla goriis kullanan farkli izleme sistemleri tarafin-
dan yapilir. Glivenlik bolgesi herhangi bir boyutta ve geometride olabilir, kullanici farkli bolgeler belirleyecek
ve operatoriin robottan hicbir kosulda zarar gormemesini saglamak i¢in bu bdlgelerle farkli hizlanma ve hiz
ayarlarini iliskilendirecektir. Bu, insan ve robot arasindaki is birliginin sabit olmadig1 ve robotun ¢ogu zaman
tek basina tam hizda calisacagi durumlarda meydana gelebilir. Bu sekilde yapmak, siireci hizlandirabilir ve
yine de operatdr robot is birligine izin verebilir.

Gii¢ ve Kuvvet Simirlama:

44

LN

Rabat glvenlik dzellikler), izin
verilen maksimum kuvvet veya
momentumu agmak (izereyse,
insanlann yaralanmas riskine
karsl robotu durdurur,

Hareket, hiz, kuvvet ve gl izleme
gibi glivenlik fonksiyonlan
sayesinde insan ile robot sistemi
aymi gahgma alaninda, ayni anda
hareket edebilir,

|

|

Risk degerlendirme sonucuna
gare, robotlar geleneksel giivenlik
gitl veya ekipmani olmadan
gahgtinlabilir, 1SO/TS 15066,
cobot entegrasyonuna iligkin risk
degerdendirme konusunda degerli
bir kilavuz sunmaktadir.

Universal Robots gtivenlik sistemi,
insanlarin zarar gérmemesi igin
tagima kapasitesine gére robot
hizin sinidayabilir,

¢ 0 & & 0 & 06 0 0 0 06 0 O 0 0 O 0 0 O 6 O O O 0 8 0 0 6 0 8 )

)

Sekil 17: Gii¢ ve Kuvvet Smirlandirma Yontemi (Kobotlarla Calismaya Hemen Baglayin, t.y.)

I¢sel tasarim ve kontrol sayesinde robot, gévdesine uygulanan anormal bir kuvveti hissedebilir. Dolayisiyla,
temas durumunda, robot yalnizca sinirl statik ve dinamik kuvvetlerle tepkisini gosterir. Bagka bir deyisle, bir
seye carptiginda, aktiiatorler ve frenler, carpma yoniinde daha az enerji (atalet) saglayacak Sekilde hareket
eder. Baz1 robotlar basitce duracak ve digerleri carpmanin tersi yonde hareket ederek tepki verecektir. Is
birligi i¢cinde ¢aligmak i¢in biiylik uyum gosterirler.
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Yukarida bahsedilen ¢aligma yontemlerinin uygulanmasi sirasinda asagidaki durumlara yonelik risk deger-
lendirmelerinin yapilmasi gerekmektedir.

- Tam Durmadan Onceki Mesafe: Bu parametre, is birlik¢i calisma ortamlarinda hiz ve durus izleme ope-
rasyonu icin kullanilir. Robotun insanlarla birlikte ¢alismas1 durumunda, robotun hizini sinirlamak i¢in bu
parametrenin ayarlanmasi ve onaylanmasi gerekir. Teknik Sartnamedeki, hesaplama, ilgili farkli hizlar
(robot ve operator) ve bunlari ayiran mesafeyi ve ayrica uygulama i¢in gereken durma siiresini, mesafeyi
ve hiz1 hesaplamaniza olanak taniyan birka¢ baska parametreyi igerecektir.

- Hiz Kosullari: Teknik Sartnamenin bu kism1 genellikle emniyetle izlenen durmalar i¢in kullanilir. Aslin-
da, risk analizinin bu boliimiinde robotun hangi hizlarda ¢alistirabilecegi, kosullarda ve ne zaman durmasi
gerektigi listelenecektir. Bu nedenle, belirli kosullarda robot tam hizda galistirabilir ve diger siralanmis du-
rumlarda, robot tamamen yavaglamali veya tamamen durmalidir (yine de gii¢lii kalmaya devam edebilir).

- Kuvvet: Insan robot is birligi biiyiik olasilikla insan robot temasini igereceginden, bir robotun insanlara
zarar vermeden ulagabilecegi sinirin ne olduguna dair verilere sahip olmak énemlidir. Teknik 6zellik, insan
agr1 seviyelerini analiz eden ve bu ¢alismanin farkli verilerini kullanarak bir insana kalic1 zarar vermeden
dayanabilecegi kabul edilebilir gii¢ esikleri olusturan bir ¢alisma kullanir. Olusturulan grafik, tiim viicut
parcalarini listeler ve ortak ¢alisma sirasinda hi¢bir zaman ihlal edilmemesi gereken kesin kuvvet esikleri
verir. Bu veriler yalnizca gii¢ kullanim1 ve siirl robotlar1 zorlamak i¢in degerlidir. Aslinda endiistriyel
robotlar, is birligine dayal bir ¢alismada kullanilsalar bile asla normal ¢alisma hizlarinda insanlarla temas
etmelerine izin verilmez.

- Basing: Basing, uygulanan kuvvetin, basinct uygulayan parcanin yiizey alanina boliinmesiyle elde edilir.
Robot, calisan iizerinde belirli kuvvetler olusturabildiginden (daha ¢ok kuvvet ve gii¢c sinirlandirilmis uy-
gulamalarda), robotun kabul edilebilir basing seviyelerini agsmadigindan emin olmak i¢in basing alaninin
gelistirilmesi gerekebilir. Bu, ¢ok biiylik miktarda basincin uygulanmamasini saglamak icin yiizey alani-
nin iyilestirilmesi ve belki de tamponlanmasi veya uyumlu hale getirilmesi gerekebilecegi anlamina gelir.

- Gegici ve Yar: Statik Kuvvetler: Yeni teknik sartname, robotlarin kullaniminda ihlal edilmemesi gereken
maksimum kuvvetlerin (dolayisiyla basinci) listesini sunar. Bununla birlikte, statik ve dinamik kuvvet
arasinda kii¢iik bir fark vardir. Aslinda, bir etki, her nesnenin goreceli hiziyla hesaplanir. Robotla operator
ayn1 yonde hareket ediyorsa, ¢arpma, hareketsizken veya ona dogru hareket ederken ki carpisma kadar
giiclii olmayacaktir. Her bir temas tiiriiniin kisa bir tanimin1 yaparsak;

- Yan Statik Temas: Bu tiir darbe, viicudun bir boliimiiniin robotun hareketli bir parcast ile robot hiicresi-
nin sabit veya hareketli bir pargas1 arasinda sikistig1 veya ezilme durumlarinda olur. Bu durumda, operator
bedeninin, robotla hiicrenin bir kismina sikismis olan bolgesine, robot etkisiz hale getirilene kadar bir siire
kuvvet ve basing uygulanmaya devam edilir. Bu tiir bir temas, agr1 esigine ulasmak icin daha kiigiik bir
kuvvet gerektirir.

- Gegici Temas: Bu tiir bir etki, “dinamik etki” olarak adlandirilir ve hareketli robotun, robot ile insan vii-
cudu parcasi arasinda kenetlenme veya sikismadan geri ¢cekilme veya geri tepme olasiligi olan bir insan
viicuduna ¢arptig1 bir durumu tanimlar. Bu tiir bir etki kisa siireli olarak kabul edilir. Gegici temas, robotun
ataletine, viicut kisminin ataletine ve bunlar arasindaki goreceli hiza baglhidir.

- Risk Analizini Kim Yapmahdir?

Aslinda, son kullanicilar kendi tesislerinde risk analizleri yapabilirler. Robotla sistemin entegrasyonunu yapan
entegratorler bu analizleri yapmaya aligkindir ve bu da genellikle tiim stireci sifirdan 6grenmek zorunda kal-
maktan daha hizlidir. Entegratorler prosese gore sablonlar kullanarak ve tasarim agamasinda bir riski azaltmak
icin ilk once ne yapacaklarin1 tam olarak planlayacaklardir. Karmasik sistemlerde, uygulamaya yonelik risk
analizinin akredite kurulus tarafindan yapilmasi ¢cok daha dogru olacaktir.

- Uretici Sertifikasi: Robotik hiicrenin tamamu igin bir risk analizi gereklidir. Bu ortamda robot énemli bir
rol oynayacak, ancak sistemdeki diger tiim cihazlar da risk hesaplamasina dahil edilmelidir. Nihai sistem-
de yer alacak her bilesenin lireticisi tarafindan yapilacak risk analizleri, nihai kullanicinin isini biiytik 6l1-
¢lide kolaylastiracaktir. Ornegin siradan bir elektrikli ev aletini 6rnek verecek olursak, iireticinin uyarilari
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dogrultusunda kullanilmadig1 takdirde, mutlaka bir kazaya neden olabilecektir. Bu nedenle, bu aleti {ireten
firmanin, nihai kullanicinin bu aletin kullanmasi sirasinda giindeme gelebilecek tehlikelerin neler oldu-
gunu saptamak i¢in mutlaka bir risk analizi yapmas1 gereklidir. Bu yiizden de aletin ekindeki kullanma
talimatina risk analizinde elde etmis oldugu bilgiler dogrultusunda bir dizi uyarilarda bulunacaktir. Eger
bu alet Avrupa iilkelerinde kullanilacak ise, iiretim sirasinda CE tavsiyelerine de uyulmasi istenecektir. Bu
gereksinimler, tigiincii taraflarca degil, {ireticinin kendisi tarafindan onaylanmistir. Bu standartlar, Avrupa
iilkelerinde kullanilmasi gereken minimum standartlardir. Bununla birlikte, iirliniin belirli bir standarda
uymasl isteniyorsa, iirlinii onaylatmak i¢in ti¢lincii bir tarafa bagvurulabilir. Bu durumda robot piyasaya
stiriilmeden Once, liglincii taraf olarak, bir sigorta sirketi veya tarafsiz bir akreditasyon kurulugunun ona-
y1 alinabilir. Bu kurulug/lar, giivenlik agisindan muhtemelen en kati standartlar1 uyguladigini belirterek,
robotu i¢in en iist diizey ve glivenilir giivenlik sertifikasina sahip olmasini saglayabilirler. Daha sonra bu
belge farkli {ilkelerde kullanilabilir, ancak yine de sliphesiz karsilayacagi yerel normlar tarafindan onay-
lanmas1 gerekir. Genelde, iiretici piyasada en gilivenilir lirlinii sattigin1 belgelemek amaciyla, piyasada
kabul gormiis giivenilir bir belgeyi iiriiniin evraklarin1 mutlaka eklemeyi de tercih edecektir.

Performans Gereklilikleri:

Robotik bir ¢alisma hiicresinde nelerin kabul edilebilir derecede giivenli oldugu konusunda daha derin

ayrintilara girersek, ISO 10218-1: 2011’in 1.1.2. Performans gereksinimi boliimiinii referans almak uygun
olacaktir.

Kontrol sistemlerinin giivenlikle ilgili parcalari, ISO 13849-1:2006’da aciklandig: gibi kategori 3 (maki-

nelerin giivenligi) PL ¢d’ ile uyumlu olacak sekilde tasarlanmalidir,

Bu parcalarin herhangi birinde tek bir ariza, giivenlik fonksiyonunun kaybina yol agmaz,

Makul bir sekilde uygulanabilir oldugunda, tek ariza, giivenlik islevi lizerine bir sonraki talepte veya
daha once tespit edilmelidir,

Tek hata olustugunda, giivenlik islevi her zaman gergeklestirilir ve tespit edilen hata diizeltilene kadar
giivenli bir durum siirdiiriiliir.

Makul olarak 6ngoriilebilir tiim hatalar tespit edilecektir.

ISO standartlarina uymak i¢in, tiim ekipman veya makinelerin belirli bir giivenlik diizeyine uymas1 gere-

kir. Bu seviye, Performans Seviyesi, test edilen ekipmanin ariza olasiligi ile ilgili olarak belirlenir. Tablo 14’te
ISO 13849-1"de belirtilen farkli performans seviyelerini agiklanmaktadir.

Tablo 14: Performans Seviyesi (PL) (Barette, 2016)

Mean Time to
PL Dangerous Failure per
hour
1/h
>10"° to < 107*
>3x10"%to <107°
>107% to < 3x107°
>10"" to < 10°°
>10"% to < 1077

nicGio ||

Yapisal kategori, cihazin kullandig1 yedeklilik miktarina baghdir. Bunu bagka bir deyisle, tek bir kanal

donanimi varsa (6rnegin kodlayici) robotun konumunun olmasi gereken yerde oldugundan emin olmak i¢in
birbirini iki kez kontrol eden ¢ift kodlayici kullanan bir sistemden daha diisiik bir fazlalik diizeyine sahip ola-
bilmek miimkiindiir. Asagidaki diyagramda farkl kategori diizeyleri gosterilmektedir.
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Sekil 18: Kategori Seviyeleri (Barette, 2016)

Semayla ilgili tam ayrintiya girmeden, Kategori 1 basit bir tek kanalli glivenlik donanimi igcerecektir.
Ornegin, kapatilan bir anahtar (giris veya I)Mantiksal cihaz (L) tarafindan yonlendirilecek ve bir durdurma
(cikis veya O) ile sonuglanacaktir.

Kategori 2 cihazi, ana sistem i¢in her zaman giris ve ¢ikisin (OTE Test Ekipmani Cikis1) gecerliligini dog-
rulayacak ve bir ariza meydana geldiginde tepki verecek ikinci bir cihaz (TE veya Test ekipmani) icerecektir.
Acil durdurma 6zelligine sahip bir cihazi1 Kategori 2 gilivenlik cihazi olarak diisiinebiliriz.

Kategori 3 veya 4 cihazi, bagimsiz olarak hareket edecek, ancak ayni1 sinyale sahip olduklarindan emin ol-
mak i¢in her zaman birbirlerini iki kez kontrol edecek iki paralel cihaz igerir. Bu sekilde, tek bir ariza meydana
gelebilir ve ikinci kanal hala bir ariza oldugunu gorebilir. Bu, bir kanalin basarisiz olmas1 durumunda sistemin
hala bir kusuru okuyabilmesini saglar.

Dolayistyla, bagka bir yerde farkli isimlendirmeyi gormiis olabilecegimiz gibi, PL = d kategori 3; artik ne
anlama geldigini bilinmektedir, cogu giivenlik cihazi (Giivenlik roleleri, anahtar anahtarlari, estoplar, vb.) bu
isimlendirmede derecelendirilecektir. Daha 6nce belirtildigi gibi, is birlik¢i robot hiicresine dahil olacak tiim
cihazlar, ISO standartlarina uymak i¢in en az PL = d kategori 3 olarak derecelendirilmelidir.

9.7. isbirlikci Robotlarla Calisirken Carpisma ve Yaralanma Kriterleri

Insanlarin robotlardan ve makinelerden maruz kaldiklar1 tehlikeler, geleneksel olarak citler, kilitleme
ve kordon altina alma yontemleriyle kontrol edilmektedir. Giintimiizde, ¢alisma alanini daha yakin mesafeden
paylasabilen, insan ve robotun birbirine daha yakin sekilde ¢caligmak iizere tasarlanmis daha yeni bir is birlik¢i
robotlar/kobotlar gelistirilmigtir. Bu da insanlar ve robotlar arasinda giivenli bir araligin siirdiiriilmesi ve
robotlarla ¢alisan insanlarin is birlik¢i robot sistemlerinin saglik ve giivenligi tehdit eden risklerinden yeterince
koruyabilecek standartlarin belirlenmesi i¢in yeni yaklasimlar gerektirmektedir. Bu nedenle, ISO tarafindan
kabul edilebilir risk seviyeleri, risk degerlendirmesi ve kars1 onlemler konusunda rehberlik saglayacak bir
Teknik Sartname taslagi hazirlanmasi giindeme gelmis, bu taslak kolaboratif robotlarla ilgili olarak asagidaki
sorulara cevap bulmaya ¢alismstir;
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+ Taslakta tanimlanan kuvvet sinirlarinin giivenli ve gergekci olup olmadig,

« Kuvvet siirlarini test etmek i¢in dnerilen yontemlerin, is birlik¢i robot sistemlerinin gergek risk degerlen-
dirmesi i¢in giivenilir, gercekci ve pragmatik olup olmadigi;

«  Onerilen yaklasimin insanlari risklerden yeterince koruyup koruyamayacagi,

Isbirligine dayali robotlarm gelistirilmesi ve uygulanmasi, saglik ve giivenlik kisitlamalari olan veya
olmayan endiistrilerde ger¢eklesmektedir. Uygulamalara iligkin yeterli glivenlik seviyeleri belirlenirken, ku-
rall1 gerekliliklerin savunmasiz hatlar yaratmasindan kaginmak gerekir. isbirligine dayali robotlarm kullanimi,
endiistri tarafindan beklenen 6nemli baskilarla birlikte olasi bir biiyiime alani olarak goriilmektedir. Giivenlige
iliskin 6neriler, ciddi kazalarin gelismesine engel olurken ¢alisma alaninin gelismesini ve olgunlagsmasini da
saglamalidur.

9.8. ISO Teknik Sartname Taslagina Iliskin Gelismeler:

(Calismalar sirasinda, ilk basta ISO/TS 15066 ve Kolaboratif Robotlar basligi altinda biiylik oranda
yenilenmis bir taslak hazirlandi. Bu ¢alismalarin ¢ok biiyiik bir kisminda, ISO-10218-1 ve ISO 10218-2"de
tanimlanan Kolaboratif Robotlarin Calisma Alanlarindaki Mekanik Tehlikelere iliskin Risk Degerlendirmesi -
Kolabortif Robotlarin Operasyonlar1 Sirasinda Giivenlik Gereksinimleri ilk taslakta teknik sartnameler olarak
belirlenmis ve ISO dokiimantasyonunu giincellemek i¢in gerekli ¢caba sarf edilmistir.

Operatoriin kiiciik yiizey yaralanmalarindan 6liimciil yaralanmalara kadar, is birlik¢i robot sistemlerinden
yasayabilecegi ¢esitli viicut yaralanmalar1 bir siniflandirma sistemine sokulabilir. Kolaboratif ortamda viicut
hasarinin tiirii ve derecesinin tanimi i¢in, oncelikle yaralanma kriterlerinin belirlenmesi gerekir. ISO / TS
15066 taslaginda tanimlandig1 Sekilde bir yaralanma kriteri, tanimlanmig bir yaralanma siddetine karsilik ge-
len se¢ilmis biyomekanik esiktir. Carpisma kriterleri, belirli bir yaralanma seviyesine yol a¢an bir insan-robot
carpismasinin Ozellikleridir. Carpisma kriterleri genellikle, belirli bir yaralanma tiiriine ve derecesine yol acan
bir viicut bolgesine etki eden basing, darbe ve kesme kuvvetlerinin bir sonucudur.

Yaralanma kriteri, “deneysel gozlemle etkilesime giren bazi dlgiilebilir fiziksel parametreler ile dogru-
dan bu etkilesimden kaynaklanan yaralanma olusumu arasindaki resmi olarak bir iligkiyi tanimlayan ampirik
gozlemi temel alan matematiksel bir iligkidir” olarak tanimlanmaktadir. Ayn1 kaynak, tolerans seviyesinin
yaralanma kriteri ile ilgili tanimini; “Yaralanma toleransi, zarar verici olmayan bir olay1 zarar verici bir olay-
dan ayirdig: bilinen bazi yaralanma kriterlerinin degeri veya belirli bir ciddiyette yaralanmaya neden olma
olasiligi ile iligkili minimum deger” olarak yapmustir.

Robot-insan ¢arpigmalar i¢in ¢esitli kuvvet sinirlart 6nerilmekte ve bunlarin giivenli ve gercekei goriiniip
gorlinmediginin degerlendirilmesi istenmektedir. Bunun i¢in de dnerilen 6nlemlerin pratik olarak uygulanip
uygulanamayacagina dair bir degerlendirme de 3 amagla gruplandirilmaktadir.

« Cesitli viicut bolgeleri icin ezilme / kistirma / kesme kuvveti sinirlart ile ilgili mevcut aragtirmalart in-
celenerek varsa yapilan mevcut dlgiimlerle karsilagtirilir. Standardin ilk taslaginin birincil yaraticilariyla
yapilan tartismalar da dahil olmak tizere, 6nerilen kuvvet sinirlamalarinin hangi arastirmaya dayandigin
saptanir.

«  Viicut bolgelerini ve kuvvet siirlarin1 tanimlama yaklagimini ile 6ngoriilen gergekci senaryolar izlenir.
Onerilen kuvvetlerin ve énlemlerin giivenli ve gercekgi olup olmadigi ya da bunu olusturmak icin hangi
adimlarin atilmasi gerektigine dair goriisleriniz belirtilir.

« Kuvvet dl¢lim enstriimanlart ve maliyetlerinin teknolojik sinirlar1 géz 6ntine alindiginda, robot tasarim-
cilarinin ve montajcilarinin 6nerilen yaklasimi uygulayip uygulayamayacaklarina dair bir 6n degerlendir-
me yapilir Mevcut dlglim araglarini ve gercekei 6lgiim yontemleri olustururken gereken diger adimlari/
arastirmalart ile gercek¢i carpisma senaryolar1 ve taslak standartta 6nerilen yaklagimin pragmatik olup
olmadigini g6z dniinde bulundurulmalidir. (Rayne ve Patel, 2001)
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9.9. isbirlik¢i Robotlarin Giivenligi

Sekil 19°da is birlik¢i robotlarin giivenligi i¢in lizerinde durulmasi gereken kriterler, Sekil 17°de ise

insanlar ve robotlarin ¢carpigsmalar1 durumunda ortaya cikabilecek olasi riskler yer almaktadir.

is Birlikci Robotlarin Giivenlik Arastirmasi — Konu Alanlari

Risk Degerlendirmesi

BT o e b Robot Potansiyel Carpisma
Kri tI(: rsleri Carpismasimi ve Risk Senaryolarim Risk Kontrolii
Ol¢me Degerlendirme
Biofidel test ) Robot & Hiicre
Carpisma yaralanmasi kuruluslari, Kaza/olay datas1 — riskler di N .
R . . izayn1 & glivenlik
verileri sensorler & hakkindaki dersler g
. teknolojisi
enstriimanlar
Carp@na yaralanmas Pratik giivenilir Robot ¢alisma hiicresi ve Insan ve &
verileri (ezme / kistirma / Sleiimler ‘s tasarmi riskleri organizasyonel
kesme / darbe kuvvetleri) ¢ 3 faktorler
Diizenleme,
rehberlik ve
. ) denetim
Sirketteki / Standartlar &
Psikolojik yonleri organizasyonel kilavuzlar
seviyedeki riskler
Giivenlik kanunu
& Diizenleme
Denetim yontemi
KKD’lerin etkileri Insan &zelliklerinden

(koruma/ zarar verme
kuvveti/ glivenilirlik)

ve davraniglarindan
kaynaklanan riskler

Kabul edilebilirlik
(Toplumsal, ulusal,
endiistri sektort, kisisel)

Sekil 19: Is Birlik¢i Robotlarda Giivenlik Arastirmasi I¢in Taslak Yap1 (HSE, 2012)
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Sekil 20: Insan-Robot Carpismasina Bakis (HSE, 2012)
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- Isbirlik¢ci Robotlarla Yaralanma Kriterleri I¢in Onerilen Kuvvet Degerleri

ISO/TS 15066 i¢in hazirlanan Uluslararas1 Standardizasyon Teknik Sartnamesi taslagindaki kuvvet siniri
degerleri, bu ¢alisma sirasinda bulunan diger degerlerle karsilastirildiginda oldukca giivenilir goériinmektedir,
ancak bu kesin olarak degerlerin giivenli ve gercek¢i oldugu anlamina gelmemelidir, zira bu alanda iyi veri
elde etme ile ilgili etik ve pratik konular nedeniyle insan viicudunun tolerans sinirlar1 hakkinda herhangi bir
aragtirma eksikligi olmamalidir. Kuvvet limitlerinin gelistiricileri (Almanya’daki bir arastirma enstitiistindeki
caligmaya gore) kuvvet degerlerinin mevcut verilerin kapsamli bir incelemesine dayandigini dogrulamastir,
ancak kuvvet degerleri, onerildigi gibi ciltte derin ¢izikler olmaksizin ciltteki ezilmeleri sinirlasa bile, belirli
bir carpigma siklig1 i¢in hangi yaralanma seviyelerinin kabul edilebilir olduguna dair verilerin belirlenmesi
gerekir.

Taslak ISO / TS 15066°daki yaralanma limitleri Kisaltilmis Yaralanma Olgegi (AIS/Abbreviated Injury
Scale) seviye 1’1 asmayacak Sekilde ayarlanmistir, bu kuvvetler iskelet hasarina neden olmamalidir.

Bununla birlikte, AIS seviye 1 yaralanma kriterlerinin bir kirik kaburganin kabul edilebilir oldugunu be-
lirtmektedir, bu nedenle 6zellestirilmis bir yaralanma kriterlerinin ve siniflandirma sisteminin faydali olup
olmayacag1 sorusunu giindeme getireceginden, AIS 6l¢ek kriterleri tamamen uygun goriinmemektedir.

Viicudun bazi bolgeleri i¢in mevcut veri eksikligine dair kanit verildiginde ve tiim viicut bolgeleri igin
degisken kaliteden bahsedildiginde, ongoriilen kuvvetlerin olasi ¢esitli gercek carpigsma kosullar altinda vii-
cudun tiim alanlarini yeterince koruyup koruyamayacagina dair bazi Siipheler vardir.

Onerilen kuvvet degerleri cesitli gercek kisiler iizerinde test edilmedikge ve olas1 tiim degiskenleri kap-
samadikca (¢arpma bdolgesi, carpma agisi, carpma hizi vb.) dngoriilemeyen farkli riskler giindeme gelecektir.
Buna ek olarak, kuvvet degerlerinin her insanda ayn1 derecede etki olamayacagi i¢in insanlarin yaralanmaya
kars1 toleranslar1 ve ¢arpigsmalardan veya diismelerden kaginma gibi degiskenler (reaksiyon hizlar1 ve asiri
dengelenmekten kagcinma yetenekleri) vardir.

- Limitleri gercek risk degerlendirmelerine uygulamak

Standart enstriimantasyon ve test yontemlerine yatirim yapilmadig: takdirde, taslakta belirtilen limitlerin
giivenilir bir sekilde kullanilabilmesi miimkiin degildir. Zaten, ISO / TS 15066 taslaginda, robot ¢arpismalari-
n1 test etmek amaciyla standart ekipmanlarin gelistirildigi de belirtilmektedir. Standartlastirilmig enstriimanlar
kullanima hazir oldugunda, karmasik insan/ robot ¢evrimindeki uygun test noktalarindan emin olmak ve daha
onceden planlanmayan hareket ve carpismalara neden olacak yanlig hareketlerde neler yapilacagi konularin-
daki olasiliklar1 da 6nceden diisiinmek gerekli olacaktir.

Onerilen kuvvet sinirlari, insan ve robot arasinda giivenli bir mesafeyi korumasi gereken sistemler
herhangi bir nedenle istenmeyen bir durum (temas) ortaya ¢iktiginda uygulanacak sekilde tasarlanmistir.
Robotik sistemler, siirekli tekrar eden programlanmis bir hareket modelini hassas bir sekilde izlemede
basarilidirlar, ancak bu gorevi insanlar yerine getirdikleri zaman sistem giivenligi diisiiktiir. Meydana gelen
kazalar gostermistir ki ongoriilemeyen insan davranisi ve hareketleri, kazalara neden olan etkenlerin basinda
gelmektedir.

Robotik sistemin insanla arasindaki giivenli mesafeyi koruyabilmesi i¢in, cevresindeki insanlarin potansi-
yel degisken ve giivenilir olmayan davranislarini ve hareketlerini hassasiyetle izleyip yonetebilmesi gerekir.

Robotik sistemler insan temasindan kaynaklanacak ¢arpigsmalar1 6nlemek icin izleme ve 6nleme sistemleri
kullaniyorsa, bu durum robota hareket zenginligi kazandiracaktir.

Insan ve robotun goreceli hareketleri potansiyel olarak karmasik ve degisken oldugundan, insan ve robotun
herhangi bir ¢carpismadaki temas aninda kosullar da biiylik bir olasilikla  karmasik olacaktir. Bu
durum da o carpismaya iliskin dl¢limiinii ve risk degerlendirmesini bazi sistemler i¢in karmasik bir gérev
haline getirecektir. Kisi ve robot hizlarinin bir arada karmasik bir durum yarattigi durumlar i¢in ¢arpisma
senaryolarinin tahmin edilip hazirlanmasi oldukc¢a zor olacaktir.

Her ne kadar belirli robot sistemlerinin hareketi programlanmis ve normal olarak ongoriilebilir olsa da
farkli robot kurulumlarinda meydana gelebilecek robot hareketlerinin ¢esitliligi biiyiik 6l¢ciide degisebilecek,
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bu yiizden de bu cesitliligi dikkate alabilecek kriterler ve 6l¢iim yaklagimlar: bulmak zor olabilecektir. Ayrica,
bazi robot kurulumlari uzun bir dizi hareket rotasiyla (6rnegin bir palete istifleme) programlanmis veya de-
gisken gorevlerle gecici destek saglayabilmeleri her alt bir proses asamasinda sik sik yeniden programlanma-
lar1 s6z konusu olabilecektir. Herhangi bir kurulumda robotlarin hareket ¢esitliligini arttirmasinin beklendigi,
farkli hareketler ve gorevler icin, gelistirilen kolayca yeniden programlanabilen is birlik¢i robotlar, kiiclik ve
orta Olgekli isletmelerde daha ¢ok kullanilmaya baslanmistir. Bu yiizden de ISO’nun taslaginda, mevcut ve
yeni ortaya ¢ikan robot sistemlerinin ¢esitliligiyle basa ¢ikabilmek i¢in, ¢esitli sistem ve kosullarda kapsaml
denemeler yapmak geregi dogmustur.

Ozellikle otomotiv endiistrisinde kullanilmak iizere, bu denemelerde yaralanma riskinin degerlendirilmesi
ve gercekei yaralanma kriterlerini saptamak igin biofidel test mankenleri gelistirilmistir. Sonugta ortaya ¢ikan
test mankenleri, yalnizca otomobilin ¢carpma senaryolarinda kullanim i¢in gegerlidir, ¢iinkii bunlar otomobilin
carpmalarina iligkin 6l¢timleri toplamak iizere uyarlanmustir.

Otomobil endiistrisi ile karsilastirildiginda, is birlik¢i robot endiistrisi i¢in pratik biyofidel test mankenleri
ve yaralanma kriterleri gelistirmek, insan ve robot gorevleri, hareketleri ve etkilerinin potansiyel ¢esitliligi
nedeniyle ek karmasiklik gosterebilir, ¢iinkii herhangi bir otomobil igerisinde, deney mankeni emniyet kemeri
ve daha sonrasinda da direksiyonda, kapilarda ve 6n paneldeki hava yastiklar1 korundugundan hareketleri, is
birlik¢i caligma ortamina gore, ¢cok daha kisitli olacagindan standartlastirilmasi da kolay olacaktur.

Sekil.21 : Kistler, Ol¢iim, Analiz, Yenilik (HSE, 2012)

Pratik bir risk degerlendirmesi yapabilmek i¢in, robotun ve insan performansinin ¢esitli potansiyel ariza
senaryolarinin belirlenmesi ve iizerinde detaylandirilmas1 gerekir. Isbirlik¢i robotlarin ¢alisma ortami igin
yapilacak risk degerlendirmesinin en zor taraflarindan biri, insan/robot karmasasinda, herhangi bir ¢arpisma
sirasinda, basarisizlik senaryolarinin ne olabilecegini ve basarisizligin olasiligini, boyutlarini ve sonuglarin
nasil belirleyeceginizi belirlemektir.

10. KOLABQRATiF ROBOTLARDA STANDARTLAR,
TEKNIK SARTNAMELER VE MEVZUAT

[k defa 2011 yilinda giindeme gelen 4. Endiistri Devriminin, biitiin diinyaya hizla yayilmasiyla beraber,
geleneksel otomasyonun en belirgin temsilcilerinden olan endiistriyel robotlar da yerlerini kolaboratif
robotlara birakmaya baslamislardir. Her ne kadar daha hizly, seri ve kaliteli iirtinlerin iiretildigi tesislerde tercih
edilir olmalarinin yani sira, kolaboratif robotlarin, insanlarin ¢aligmasinin maliyetli, yorucu, hatta tehlikeli
oldugu ortamlarda kullanilan otomasyon is¢ileri olarak tanimlanmasi, kolaboratif robotlar1 en kiictik 6l¢ekli
fabrikalardan dev tiretim tesislere kadar her yerde popiiler hale getirmistir. Kolaboratif robotlarin yalniz
baslarina ¢alistirilmayip, entegre sistemin bir pargasit durumuna gelmeleri, is birlik¢i ortamlarda operatorlerle
birlikte c¢alismalar1 ancak komutlar1 tamamen otomatik ve siber ortamdan almalari, kullanimlarinin
optimizasyonu, fizibilitesi ve c¢aligtiklart is birlik¢i ortamin emniyet ve giivenlik konularinin daha detayl
incelenmesini gerektirmistir.

Su anda, iilkemizde, kolaboratif robotlarla ilgili hazirlamis 6zel bir mevzuat ve standart yoktur, robotlarin
yurt disinda iretilip getirilmesi nedeniyle, genelde bu konuda uluslararasi standartlar kullanilir, ancak
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robotlarin kendi basina bir makine degil bir liretim hattina entegre {initeler olmalar1 nedeniyle, Makine
Emniyet Yonetmeligi’ne gore kismen tamamlanmis makine olarak kabul edilmektedirler. Bu yiizden de bir
robot kendi basina CE isareti almaya yeterli gériilmemektedir, ancak robotun kullanildig1 hattin, entegrasyonu
tamamlanmig bir iiretim hatt1 haline geldikten sonra, yonetmeliklerde istenen ¢esitli uyumluluk degerlerini
karsilayacak durumdaysa CE isareti almaya hak kazanabilmektedir. Bunlara ek olarak bu robotlarin, tireticiler
ve entegratorler tarafindan kullanima verilebilmeleri icin, is Saglig1 ve Giivenligi Kanunu ve Is Ekipmanlarinin
Kullaniminda Saglik ve Giivenlik Sartlar1 Yonetmeligi ve Risk Degerlendirmesi Yonetmeligindeki gerekli-
likleri de karsilamalar1 gerekir.

Kolaboratif robotlar, kendilerine verilen gorevleri ¢ok seri bir sekilde yapmalarinin istenmesi nedeniyle
ve ¢alisma sirasinda da bazi uygulamalarda ¢ok hizli ¢alisiyor olmalari, cogu zamanda, is birlik¢i ortamlarda
operatdrlerle is birligi icerisinde olmalar1 yiiziinden 6liime kadar varan is kazalarina neden olabilmektedirler.
Bu ylizden de hem makine tasariminda hem de makine {iretime verilmeden 6nce, Makine Emniyet Y onetme-
ligi’nin de bir pargasi olan, detayl1 bir risk degerlendirmesi yapilmasi gereklidir.

10.1. Makine Emniyeti Calismalari:

Diger makinelerde oldugu gibi, robotlarda da emniyet ihtiyaclarini belirlemek i¢in mutlaka risk deger-
lendirmesi yapilmalidir. Bu risk degerlendirmesi sirasinda, robotun tasarimindan kullanilacagi prosese kadar
tiim asamalar teker teker ele alinir, bu asamalar arasinda olasi kontrol sistemi arizalarindan is birlik¢i ¢alisma
ortaminin yerlerinin varsa kaygan malzemelerden arindirilmasina kadar biitiin olasiliklar ele alinir. Bu ¢alig-
malara rehberlik saglamak amaciyla, A tipi bir standart olan EN ISO 12100 ile baslanir. Bunun disinda, robot
emniyeti ile ilgili baslica standartlar;

- ENISO 10218-1 Robotlar ve Robotik Cihazlar-Endiistriyel Robotlar I¢in Giivenlik Gereksinimleri-Boliim
1: Robotlar,

- ENISO 10218-2 Robotlar ve Robot Cihazlari-Endiistriyel Ortamlar i¢in Robotlar-Giivenlik Kurallar1-Bo-
lim 1: Robot Sistemleri ve Entegrasyonu, C tipi standarttir.

Tablo 15: 10218, ISO/TS 15066 Standartlarina Gore Is Birlik¢i Calisma Tiirleri (Matthias, 2017)

{?SO IS is Birligi Operasyon Tipleri Risk Azaltmanin Ana Yollar:
1krasi
Siirlandirilmig giivenli durus Operator is birlikei calisma E
5.10.2 i e . alanindaysa robotun hareket <
(6rn. Manuel yiikleme istasyonu.) 4
etmemesi
Elle yonlendirme (6rn. yardimci Rf)botuq sadef:e operatorun
5.10.3 . yonlendirmesiyle hareket
cihaz olarak calistirma.) !
etmesi
5104 Hiz ve mesafe izleme (6rn. yedek | Robotun minimum uzakligi I %
e parca konteynirlari. sagladiginda hareket etmesi =
Dogal tasarim veya gii¢ ve kuvvet Temas olaylarinda, robot %
5.10.5 & ya gue yalnizca smirl statik ve F < Fra
sinirlama . . . ‘
dinamik kuvvetler vermesi

Yukaridaki standartlardan birincisi kendi basina ¢alisan endiistriyel robotlarda kullanilan standartlardir,
ikincisi ise (EN ISO 10218-2) robotlarin entegre edildigi kolaboratif ortamlar i¢in kullanilan dokiimanlardir.
Kolaboratif robotlar i¢in genelde EN ISO 10218-2 kullaniliyor olmasina karsin, detaylar ISO/TS 15066 teknik
spesifikasyonlarinin bulundugu dokiimanlara bagvurulur.

ENDUSTRIYEL ROBOTLARDA GUVENLI CALISMAYA iLISKIN ESASLAR VE UYGULAMALAR 77



Tablo 16: Giivenlik ve insan — Robot is Birligi: ilgili Standartlar + Direktifler (Matthias, 2017)

CTipiStandamslar e B Bl selam  his =

Ll\lﬂ)-kinz Emniyeti Standartlan, ) ISO/TS 15066 —
ISO 10218-1 - Robot Isbirlikgi Robotlar
Tip B Standartlan T mm— EN ISO 13849-1:2015
A s ﬁ%jﬁm&w@y i IEC60204-1:2016
B2: Gienlik Snlemleri | R TR IEC 62061:2015 :
A Tipi Standartlar
( Temel Giivenlik standartlar) IEC 61508 -2010 1SO 12100:2010
Fonksiyonel Giivenlik Risk Degerlendirme
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10.2. Kolaboratif Robot Sistemlerinde Emniyet Kurallar::

EN ISO 10218-2 standardinda, her C tipi standartta oldugu gibi, B sinifi standartlarla da iliskilendirmeler
yapilmaktadir.

A, B veya C tipi standartlar hakkinda bir bilgi vermek gerekirse;

- A tipi standartlar, tim makinelere uygulanabilecek temel kavramlar, tasarim ilkeleri ve genel hususlari
kapsayan temel emniyet standartlaridir,

- B Tipi standartlar, makinelerin genis bir yelpazesinde kullanilabilen korumanin emniyet hususlar1 veya
bir tlirtinii kapsayan genel emniyet standartlaridir. Bununla birlikte, B standardinin belirli emniyet husus-
lar1 i¢cin B1 Tipi standartlar ve korumalar i¢cin B2 Tipi standartlar olmak tizere iki tipi vardir,

- C Tipi standartlar, belirli bir makine veya makine grubu i¢in ayrintili emniyet gereksinimlerini ele alan
makine emniyet standartlaridir,

Standartlardan gelen gereklilikler 3 ana baglik altinda toplanabilir;
1. Robot Sisteminin Emniyet Bilesenleriyle ve Denetim Sistemiyle Tlgili Gereklilikler:

Robot sistemlerinde ve 6zellikle kolaboratif robotlarda, kontrol sisteminden veya yanlis se¢ilmis emniyet
ekipmanlarindan kaynaklanan bazi tehlikeler oldukga sinsidirler, bu nedenle de bu sistemlerdeki tehlikeleri
engellemek veya yok etmek icin, sistemin emniyeti ile ilgili asagidaki ihtiya¢larin optimal diizeyde saptan-
mas1 gerekir,
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Sekil 22: ISO 13849-1 Standardi Gerekli Performans Seviyesi (Matthias, 2017)

ISO 13849-1 Standardi: Gerekli Performans Seviyesi (PLr)
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« EN ISO 13849-1 Standart’inda da belirtildigi gibi, bu gruba tanimlanmis makinelerde, a’nin en diisiik
e’nin ise en yiiksek risk degerleri ifade ettigi Performans Seviyesi’nin (PL/ Performance Level) optimal
degerlerde belirlenmesi gerekir. EN ISO 10218-2’de Kolaboratif Robotlardaki kontrol sistemlerinin PL
seviyesinin d degerini karsilamasi gerektigi tavsiye edilmektedir. EN ISO 10218- 2’de sistemin PL/d ve
Kategori 3 gerekliliklerini karsilamasi onerilmektedir. Performans seviyesinin degerlerini etkileyen fak-
torlerden bazilari, ariza teshis yetenegi, sistemde bulunan bilesenlerin arizaya ge¢me olasiliklari ile bunla-
rin birbirleriyle olan baglantilarini sayabiliriz. Bu faktorler, siirece ve siireci karmasikligina gore degisken-
lik gosterebilirler, ancak degerlendirme, siirecin tehlike gamina gore en yiiksek giivenilirlik amaglanarak
yapilmalidir.

« Isyerinin durumuna gére, dogru coziiniirliikte 151k perdeleri segilmeli EN ISO 13855 Standart’inda
onerildigi sekilde konumlandirilmalidir. Konumlandirma, robotun durma siiresi ve bu siirede ne kadar
hareket ettiginin belirlendigi ESPE o6l¢iimii ile yapilir. Ancak bu 6l¢limler sonrasinda is birlik¢i ortamin
emniyetini saglayacak 151k perdeleri yerlestirilebilir, ESPE 6l¢iimii yapilmadan yerlestirilen 151k perdele-
rinden sistemin bekledigi emniyet ve giiveni beklemek miimkiin degildir. Bu durumda ¢ok biiytik bir ola-
silikla, 151k perdeleri yanlis yerlere konumlandirilacak, bunu bilmeyen ve 151k perdelerinin konumlarindan
emin olan operatorler de 6nceden kestirilemeyen is kazalarina neden olacak ve beklemedikleri tehlikelerle
kars1 karsiya kalacaklardir.

« ESPE ol¢iimleri, 151k perdelerinde oldugu gibi, li¢ boyutlu emniyet kamera sistemlerinin denetledigi kola-
boratif alan tarayicilar i¢in de yapilmalidir,

« Isik perdelerinin tasarlanmasinda ve montaj sonrasinda muting (gegici olarak devre dis1 birakma ) ve
blanking ( 151k perdesi ile korunan is birlik¢i alaninin pargalarinin i¢ine opak bir malzemenin sokulmasina
makinenin durmasina neden olmadan izin verilen giivenlik 151 perdelerinin yardimeci fonksiyonu) hassas
bir sekilde kurgulanmali, robot ve operatoriin bulundugu is birlik¢i ortamdaki sistemin bu alan giren ¢ikan
malzemelerle insan uzvunu ayirt edebilecek yetenege sahip oldugundan emin olunmalidir.

« Isbirlik¢i ortamin izlenmesi ve denetlenmesi igin segilecek her tiirlii sensor veya kameranin bu alanda
yapilacak isin niteligine uygun olmasina dikkat edilmelidir. Ornegin bu alanda yapilan iste yapilan iste
kivileim veya alev siinmesi gibi durumlar s6z konusu optik izleme ve koruma bilesenlerin se¢imi 6zenli
bir sekilde yapilmalidir.

« Kendi baslarina PL d’yi saglayamadiklar i¢in, izlemeli kapilarda mekanik dilli svigler kullanilmamalidir.

« Kontrol sistemleri, is birlik¢i alanda yapilan isin niteligine gore secilmekle beraber, bu se¢im sirasinda
ayni i1 yapiyor olsalar dahi isletme kiiltlirlerindeki farkliliklarin detayl bir sekilde irdelenmesinde yarar
vardir. Bazi isletmelerde, izleme kapilari ikinci bir aktiiator veya esit/tam kodlu izleme sistemleriyle izle-
nirken farkli bir isletmede siire¢ ayni olsa dahi izleme, alan tarayicilar, li¢ boyutlu emniyet kamerasi veya
emniyet paspaslari ile gergeklestirilmektedir.

« Robotlarin 6grenme siirecinde, komutlar sadece o is isin aktiflestirilmis el kumandalar1 ile yapilmalidir ve
ogrenme sirasinda robotlar komutu tek bir kumandadan almalidirlar. Egitim sirasinda denem yapmak i¢in
dahi olsa robotun hiz1 hi¢bir zaman 250 mm/s degerini agmamali, herhangi bir acil durum sirasinda aktif
el kumandasi yani sira, hatta acil stop diigmeleri de hazir durumda olmalidir.

10.3. Robot Donanimi ve Cevresi ile lgili Emniyet Gereklilikleri:
Robot donaniminin sahip olmasi gereken minimum emniyet gerekliliklerini asagidaki gibi siralayabiliriz;

+ Robot kollarinin baglandig1 ana govde baglantilar1 prosesin gerektirdigi mukavemet degerlerine sahip
olmalidir,

« Bilindigi gibi robota verilen komutlar, elektrik, vakum, hidrolik veya pnomatik yollarla yerine getirilir. Ta-
sarim sirasinda, bunlarin her birinin kullanim degerleri limitlere ¢cok yakin se¢ilmemelidir. Robot kolunun
durmasi sirasinda operatdriin yiiklii robot kolunun altina girme durumu izlenmelidir.
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« Proses sirasinda operatoriin kolaboratif ¢alisma alanina girmesi prosesin bir pargasi ise, bu girisin mutlaka
ihlal girisleri ile farkli kodlarla tanimlanmasina dikkat edilmelidir.

« Robotun cesitli eksenlerde hareket etmesini saglayan tahrik milleri ve aktarma tinitelerinin prosese gore
secilmesi ISO 14120 tavsiyelerine gore yapilmalidir.

« Robot calisirken giindeme gelebilecek, topraklama, depolanmis enerji, kablo veya panolardan kaynakla-
nacak istenmeyen olumsuz durumlara engel olmak i¢in sistemde secilen her tiirlii elektrikli iinite ve bile-
senlerin IEC 60204-1 tavsiyelerine uygun olmasina 6zen gosterilmelidir,

« Robot calisirken herhangi bir ihlal veya teknik nedenle devreye girecek olan kapamalar EN ISO 14120
Standart’ina uygun olmalidir.

10.4. Robotun Entegre Edildigi Sistemle Ilgili Olarak Alinmasi Gereken Diger Onlemler:

Robotlarin ¢alismalarina iliskin tek bir uygulama olmadigindan, risk degerlendirmesi yaparken proses
detaylari ile incelenmeli, ¢calisma ortamindan da gelebilecek olast olumsuzluklar géz oniine alinarak deger-
lendirme tamamlanmalidir. Bu nedenle Makine Emniyeti ile ilgili standartlarin bazi ek tavsiyelerini agagidaki
gibi belirtebiliriz;

« ENISO 14118 standartlari, robot ve bulundugu sistem iizerinde, isletme ¢alisanlar1 tarafindan da benim-
senmis etiketleme ve kilitleme prosediirii olmasi gerektigini belirtir. Bunun i¢in de robot ve igerisinde yer
aldig1 sistemin enerji noktalar1 ve semalar: teker teker incelenmeli, sistemin enerji degerleri agisindan
tehlikesiz bir durma noktasina gelen kadar nasil bir yol izlemesi gerektigi bu prosediirlerde belirtilmelidir.

« Robotlarin yalniz veya is birlik¢i ortamlarda ¢aligmasi sirasinda giindeme gelen en yaygin is kazasi neden-
lerinden biri de operatdriin veya bakim ekibinden birinin is birlik¢i alana proseste tanimlanmadigi halde
kisa siireli girmesi ve emniyet kapisinin da ¢alisanin arkasindan kapanmasindan kaynaklanmaktadir. Bunu
onlemek icin yapilacak en basit ¢dziim emniyet kapisinin asma kilitle kontrol altina alinmasidir. Ancak bu
¢oziim her uygulamada pratik olmayabilir, 6zellikle robotun operatorle birlikte calismasi istendigi veya
girig ¢ikislarin proses geregi daha sik olmasi istenen ¢aligma hiicrelerinde alan tarayicilari, emniyet pas-
paslar1 veya ii¢ boyutlu giivenlik kamerasi kullanmak daha uygun olacaktir.

« Sistemde teknik olarak alinan biitiin 6nlemlere ragmen mutlaka gerekli yerlere, calisanlarin rahatlikla go-
rebilecegi sekilde, EN ISO 7010’un tavsiye ettigi, gerekirse 151kl1 uyarici levhalar asilmalidir,

« Calisma ortamina her tiirlii uyaric1 levha asilmasina ve gerekli tiim teknolojik onlemler alinsa dahi,
ozellikle 15 birlik¢i ortama girme olasilig1 olan her personelin koruyucu donanimlarini veya robota sinyal
veren yeleklerini giymesi gereklidir,

« Robot veya robotlarin ¢alistiklar ortamda, yeni degisiklikler veya iyilestirmeler yapilmasa dahi bu ortama
girme olasilig1 bulunanlar periyodik olarak egitime tabi tutulmali ve is birlik¢i alanlarda nelere dikkat et-
meleri gerektigi hatirlatilmalidir.

11. SISTEM GUVENLIGI VE RiSK DEGERLENDIRMESINE iLiSKIN
METODOLOJI VE YAKLASIMLAR

11.1. Daha Giivenli Bir insan Robot Etkilesiminin Tanimina Sistemik Yaklasim

Akill fabrikalar, son derece yiiksek derecede esnek bir yap1 kurup, iiretim maliyetlerini ve liretim siire-
lerini kisaltarak, yeni iiretim trendleriyle ylizlesmek ve basa ¢ikmak igin siireglerini hizlandirmalidirlar. Bu
tiir sorunlar, karisik insan-robot ¢alisma ortaminda insanlar ve robotlar arasindaki is birligi ile ele alinabilir.
Robotlar, mekansal hassasiyet ve tekrarlanabilirligin yan1 sira tanimlanmis kuvvetleri uygulama becerisine de
sahiptirler. Ote yandan insanlar, 6zellikle karmasik manipiilasyon ve degisen gorev gereksinimlerine uyum
konusunda yeteneklidirler. Ortak paylasilan ¢alisma ortaminda ve siirekli insan-robot etkilesimi olan bu kar-
magsik senaryoda, olasi yaralanmalar1 veya oliimciil kazalar1 6nlemek i¢in, giivenlik stratejileri dnemli bir
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gerekliliktir. Bu yaklasim, isciler ve robotlar arasinda kontrollii ve glivenli bir ortamda etkin bir etkilesim
saglayan siirekli ve yeniden yapilandirilabilir bir ortak paylasim senaryosunu garanti etmeyi amaglayan birden
fazla algilama kaynagini, gereksiz iletim protokollerini ve yazilim karar mekanizmalarini birlestirir ve yonetir.
Ayrica, insan-robot etkilesim senaryolarinda daha giivenli bir igyeri tanimi i¢in yeni teknolojik ¢oziimler ve
yenilik¢i metodolojiler sunulmaktadir.

« Bilimsel ve Endiistriyel Motivasyonlar:

Karmagik iirlin ailelerinin iiretimine, kisa dmiirlii ve ¢ok degisken iiretim 6zelliklerine sahip olmalari ile
kars1 karsiya kalma ihtiyaci, fabrikalarin hizli bir sekilde evrilebilmesini ve yeniden yapilandirilabilmesini
gerektirir. Bu yeniden yapilandirilabilir fabrikalar, i¢sel ve dissal olaylara gii¢lii bir modiilerlik ve adaptasyon
sergilemelidir. Uretim dinamiklerine uygun olarak, fabrikalar icindeki isyerlerinin tasarimi mevcut sosyal ve
demografik egilimleri (6rn. ortalama yasam beklentisi ve emeklilik yasinin artmasi) dikkate almahdir. Gii-
venlik, egitim ve ergonomi gibi konulara dikkat etmek, fabrikanin verimliligini ve karliligini artirmak i¢in
de onemli bir unsur olabilir. Geleneksel olarak, fabrika tasarimi, operatdrlerin ve otomatik ve/veya robotik
iiretim hiicrelerinin rolleri ve uzmanlik alanlar1 arasinda agikca ciddi bir ayrim yapmistir. Bu operasyonel
model tepki veremedigi ve kiiresel pazardan kaynaklanan firsatlara hizla uyum saglayamadigi i¢in gliniimiiz
kosullarina ayak uyduramamaktadir. Bu yeni senaryoda, verimli ve giivenli bir ¢alisma ortami saglayan, ayni
zamanda ¢alisanlar icin konforlu ve tesvik edici yenilik¢i paradigmalar saglamak ¢ok dnemlidir. Insanlar ve
otomatik cihazlar arasinda is birligi yapan yeni fabrikalar, kisa dmiirlii ve yiiksek degiskenlige sahip iirtinlerle
karakterize edilen zorlu iiretim senaryolariyla bas edebilecek ve bdylece iiretim kapasitesinin hizli bir sekilde
uyarlanmasini ve yeni bilgilerin gelistirilmesini gerektirecektir.

Bu boéliimde sunulan arastirma, 6zellikle insan ve robot is birligi sistemlerini tasarlama ve uygulama ko-
nusunu ele almaktadir. Ozellikle, giivenli ve verimli bir insan-robot etkilesimini garanti etmek igin tasarim
yontemleri, teknolojileri ve cihazlari arastirilmistir. Bu amagcla, insan-makine etkilesimlerinin incelenmesi,
dolayisiyla geligmis algilama sistemleri kullanilarak robotlarin ¢aligma alanlarinin ve algilarinin model alin-
mast ile ilgili temalarin ele alinmasi ve boylelikle de giivenli karma ¢alisma ortamlar1 yaratilmasi gerekmek-
tedir. Bir robot ile bir ig¢i arasinda tamamen giivenli bir ortamda gii¢lii bir etkilesimin saglanmasi, algilama
teknolojisi, sistem mimarisi ve uygun biligsel modeller dahil olmak {izere uygun bir ¢ercevenin gelistirilme-
sine dayanir. Bir sensor agi, ¢evreye iligkin olarak robota yeterli miktarda bilgi saglamali ve bu veriler dogru
davraniglart benimsemek icin makine tarafindan giivenilir bir sekilde iletilmeli ve yorumlanmalidir. Ayrica,
uygun algilama teknolojisi paylagilmalidir ve ¢alisanin igyerinde rahatca calisabilmesi i¢in taginabilir, hafif ve
kullanimi1 kolay olmalidir.

Farkl1 calisma siirecleri boyunca, farkli calismalar1 degerlendirerek gergeklestirilen sorunsuz bir montaj
/ sokme senaryosu yaklasiminda, 6zellikle demontaj islemlerinde, yerel is akisina gore birgok farkli gorev
yerine getirilmekte, genel ve yerel hareket / etkilesim planlamasi i¢in kontrol ayarlar yiiksek diizeyde uyar-
lanmaktadir. Operator ve robotlarin yeteneklerini birlestirerek olusturduklari karmagik bir yapr igerisinde,
operatorlerin kendilerine verilen degisik gorevleri yaparken gorevleri geregi proses alanina girip ¢ikmalari
sirasinda, robotlarin da giivenli davranisi, dinamik bir modifikasyon gerektirmektedir. Bu da yaralanma veya
beklenmedik diizensiz robot davranislari olasiligini 6nler. Bu baglamsal analiz, yiiksek diizeyde uyarlanabilir-
lik ve proseslerin degiskenliklerini, parcalarin, liretim kosullarinin, spesifik mekanik parametrelerin ve daha
kritik olarak insan-robot iliskilendirme modlarin ve atamalarin, destekli/is birlik¢i mekanik iiretimini birlesti-
rip onemli bir ¢caligsma alanini temsil eder.

Onerilen yenilik¢i yaklasim, ayni zamanda fabrikanin uzay-zaman ortaminin algilanmasi, temsil edilmesi
ve otomatik karar ve eylem siire¢lerinin uygulanmasi i¢in algoritmalarin ve bilissel sistemlerin gelistirilmesiyle
de kars1 karstya kalacaktir.

+ Giincel Teknoloji:

Daha giivenli bir insan makine ortaminin tanimlanmasi i¢in sistemik bir yaklagim olusturmak gerekir, bu
yiizden de ilk katman, konumla ilgili siirekli bir geri bildirim saglamak amaciyla hem robot hem de ¢alisan
izerinde, calisanin hareketleri ve gorevi hakkinda bilgi vermek amaciyla konuslandirilan farkli sensor kay-
naklarini en st diizeye ¢ikarma ve gesitlendirme olasiligina dayanir. Bununla birlikte, 6zellikle bir robotun
calistirilmasi diisiiniilen bir isyerinde, iletken, yalitim veya manyetik gibi ¢esitli malzemelerin bulunmasi
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ve bunun sonucu olarak elektromanyetik spektrumdaki anormal emilim ile ilgili sorun, robot i¢in giivenilir
bir veri kiimesi olusturulmasinda hala kritik bir yonii temsil etmektedir. Aslinda yillar iginde, bu sorunlarin
iistesinden gelmek i¢in bir¢ok farkli algilama ¢6ziimii 6nerilmistir ve bunlarin cogu ¢coklu kamera ve mikrofon
kullanimina dayanmaktadir. Bu teknolojiler iliskili kameranin goriis hatti ile sinirli veya robot i¢in yorumlan-
masi1 zor sinyaller iirettiklerinden olas1 baska bir ¢6zlim, is¢i ile robot arasindaki 6zel calisma mesafesini (kisa
ve uzun menzilli) dikkate alir. Uzun menzilli algilama teknolojisi durumunda, radyo frekansi tanimlama tek-
nolojisi (RFID/Radio-Frequency Identification Technology) son zamanlarda {iretim maliyetleri, gii¢ tiiketimi,
sensorlerin giyilebilirligi, tepki siiresi vb. Calisan akilli giysilerdeki (eldiven, kiyafet, vb.) gdmiilii etiketler,
calisanin calismasini engellemeden izlenen bir hareket hakkinda giivenilir bir bilgi saglayabilir. Robotlar,
RFID algilama teknolojisinden gelen sinyalleri, is¢inin hareketlerini uygun sekilde yorumlamak ve sonug ola-
rak davraniglarini uyarlamak i¢in kullanabilir. Bununla birlikte, RFID teknolojisinde, belirli bir agida sinyal
algilamasindan ve etiket ile yerellestirme islemine katilan okuyucu arasindaki belirli mesafeden farkli sorun-
lar ortaya ¢ikabilir ve sinyal robot tarafindan yanlis yorumlanabilir.

Tim algilama aglar1 tarafindan iiretilen verileri diizgiin bir sekilde yonetmek ve iletmek i¢in saglam bir
kablosuz altyapinin benimsenmesi gerekir. Bu durumda, tanimlama / tanima sistemi, giivenli kablosuz ka-
nallarin ve giivenli olmayan diisiik giiclii kablosuz iletisim protokollerinin birlesimini (The Ultra-low power
Bluetooth and Zigbee) kullanarak operatdriin robot alanindaki konumunu ve konumunu tanimlar. Bu siireg
hem robot alanindaki erisim noktalar1 ile dogrudan operator govdesindeki birimler arasindaki iletisim baglan-
tisinin varligini elde ederek hem de operator iinitesinden gelen sinyal alma giiciine dayali olarak operatdriin
cografi referansli konumunu igeren bir algoritma uygulayarak ¢alisir. Iletisimin fiziksel karakteristikleri iize-
rinde yapilacak ayrintili bir analiz, robot ve birlikte calisacagi operator arasinda giivenilir bir veri aligverisini
saglamak icin, gii¢ tiiketimi, giic yonetimi, gii¢ tanima sistemlerinin kolayligi, alici/verici entegrasyonu, kul-
lanilabilirlik ve saglamlik gibi hususlar1 goz 6nlinde bulundurmalidir.

Ozellikle manuel gorevlerin robotlar tarafindan desteklenebildigi esnek / yeniden diizenlenebilir iiretim,
yapilandirilmamis dinamik ortamlarda giivenli bir davranis1 garanti edebilen is birlik¢i robotik metodolojiler
tarafindan dikkate deger sekilde desteklenmektedir. Bu gorevler igin dzellikle fiziksel insan-Robot Etkilesimi
(pHRI/ Phsical Human Robot Interactions) i¢in tasarlanmis hafif ¢oziimler kullanilabilir. Y1illarca gerek robot
ireticileri ve gerekse akademik ¢evreler, robot ve birlikte ¢alistig1 operatorler arasinda giivenilir bir is birligi
ortami olusturmak i¢in biiyiik ¢aba sarf etmislerdir. Kiigiikten biiylik manipiilatorliiye kadar (6rn; antropomor-
fik, kartezyen, paralelm vb.) endiistriyel robotlar, hala tasarimda veya kontrol edilerek giivenlik 6zelliklerini
genis Olgiide gostermez (Sekil 22). Bununla birlikte, bu tiir platformlarin mutlaka hem makine hem de tesis
diizeyinde glivenli kurulumlara entegre edilmesi gerekir.
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Sekil 23: Robot Sistemleri Giivenliginde Donanim ve Tasarim Stratejileri Haritas1 (Pecora ve digerleri, 2019)
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Normal olarak, en son standartlar insan-robot is birligi modlarini tanimlar ve fonksiyonel giivenlik kav-
ramini tamamen kapsayan makine ve robotikteki konsolide standartlagtirma girisimlerinin {izerine uygulanir.
Giivenlik acik¢a prosediirel, mantiksal ve teknolojik yonleri donanim, algoritmalar ve aglar arasinda yayilmis
entegre bir kavramdir. Cihazlarin giivenlik se¢enekleri, konsolide diizenlemeler ve entegrasyon agisindan ki-
sith ihtiyaglar nedeniyle, her seyden 6nce teknoloji tedarikgileri tarafindan kendiliginden ele alinanlar arasin-
da, glivenlik sertifikasyon derecesini ciddi, 6l¢lide engelleyebilir.

Kullanilabilirlik Mekanik

+
Kontrol

Sekil 24: Giivenilirlik Tablosu (Pecora ve digerleri, 2019a)

Robotikteki etkilesim kavrami, uzak fonksiyonel etkilesimden yakin temasa kadar farkli uzamsal kosullari
kapsayabilir. Temassiz etkilesim, gorev is birliginde ve ayn1 caligma alaninin ayni anda ziyaret edildigi senar-
yolarda yer almaktadir. Temasli etkilesim planli veya kazara olusabilir.

Oncelikle, uyumlu kontrollerin énemli bir ayar smifini temsil etti§i manipiilasyon, tasima, montaj vb.
gibi diisiik giiclii gorevlerin gogunda yer alir. Ikincisi, emniyetin normatif gereklilikleri, ¢ok genis 6lcekli
carpisma Onleme algoritmalar1 vb. ile baglantili olarak tartisiimasi ve resmilestirilmesi gereken ana konu
olarak kabul edilmistir.

Tiim etkilesim seviyelerinde is birligi yapan robotlar seffaf olmali, dogal olarak etkilesen bir uyum sagla-
mali, tim hantal yapilandirmalar1 veya erisim modlarini, diizensiz hareketler veya rotalar1 yok saymalidir. Bu
davranig, etkilesim sirasinda kolaylik, giiven ve kullaniciya glivenme destegi olarak kabul edilen giivenilirlik
kavrami ile formiile edilebilir. Bu tiir geleneksel soyut bir kavram altinda, giivenilirlik, robot kontrolii ve
sonugta ortaya ¢ikan davranis lizerinde biiytik bir etkiye sahip olan, agikca tanimlanmis bir dizi ham bilgiyi
igerir. (Sekil 24)

Kullanici giiveni, asagidaki etkenlere baglidir;

» Ogrenmenin ve/veya robot hareketini belirlemenin hissini, rahatligini ve kolayliginin dlgebildigi kullani-
labilirlik,

» Esas olarak hizmetin siirekliligini ele alan nadiren beklenmeyen istisnalari atarak veya nadiren hatalar
sunan, giivenilirlik,

»  Bu tiir bir hizmetin hazir oldugunu hesaba katan, kullanilabilirlik,

»  Sistem degisikliginden ve uygunsuz degisikliklerin yoklugundan kurtulabilme yetenegi olan bakim ve
biitiinliik,
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» Daha once de tartisilan giivenlik,
»  Giivenilirlik alt 6zelliklerinin ¢ogu, tiim sistem diizeyinde bir degis tokus olarak yerine getirilebilir.
11.2. Kolaboratif Cahsma Tesisi I¢in Risk Degerlendirmesi ve Is Giivenligi Analiz Yaklasimi

Operatdr ve robotlarin kendilerine verilen gorevleri birlikte gergeklestirebilmek amaciyla gorev siiresince
is birligi yaptiklar1 tanimlanmig bolgenin giivenligi son derece dnemlidir. Bu bdlgenin giivenli olmasi ve ¢a-
lisma verimi agisindan yiiksek bir performans gostermesinin ii¢ dnemi mevcuttur.

« Piyasadaki dalgalanmalara uyum saglama yetenegi,
»  Verimin artirilmasi,
« Ergonomik ve teknik olarak ¢alisma kosullarini gelistirmesi ve is kazasi risklerini azaltmast,

[sbirlik¢i galisma ortamlarinda, robotun herhangi bir nedenle yapacagi yanlis bir hareketten dolay1, operatore
carpmasi ciddi bir yaralanmaya neden olabilecegi i¢in, operatoriin giivenligi 6nemli bir endise kaynagi olarak
karsimiza ¢ikar. Uluslararas: giivenlik standartlarina gore, risk degerlendirmesi, tehlikeli ¢alisma ortamin
anlama ve ortadan kaldirma anlaminda atilmasi gereken ilk adimdir. Isbirlik¢i calisma ortami olmayan,
operatorlerle robotlarin ayni belirlenmis alanlarda ¢alismadigi ortamlar icin bircok risk degerlendirmesi
yapilmistir. Bu alanlarda robotlar kendileri i¢in belirlenmis alanlarda otomatik modda calisirlar, ¢alisma
alanina istenmeyen giris ¢ikislar olmasi durumunda da robot, durumu hissederek durma yetenegine sahiptir.
Buralarda genellikle, ¢arpisma olasiligini ortadan kaldirarak operatoriin giivenligini saglamak icin giivenlik
citleri gibi fiziksel engeller kullanilmistir.

Is birlik¢i robot sisteminin en dnemli amaclarindan biri de robotlar ve kendileri ile birlikte calisanlar arasinda
daha yakin bir etkilesim saglayabilmek i¢in bu engelleri kaldirmaktir. Bu nedenle de risk degerlendirmesi
yapilirken, ¢alisma alaninin katilimcilarinin robot ve operator oldugunu varsayarak hem operatoriin giivenligi
hem de robotun verimliligi ve robotun olasi kaza nedenlerini géz oniine almak gerekir. Oncelikle ¢alisan
giivenligine odaklanan uluslararasi gilivenlik standartlari, tanimlanmis is birlik¢i ¢aligma alaninin sadece
robotla birlikte calisan operatore ait oldugunu belirtir ve risk degerlendirmesinin buna gore yapilmasini nerir.
Giivenlik standartlar1 Giivenligin saglanmasi1 ve robot/operatdr gorev paylasimini saglamak igin robotla
operatoriin ig birlik¢i ¢caligmasinin siirekli olarak izlenmesini 6n planda tutar, bu yiizden de ¢alisma alani
gorlintiileme sistemi ve yakinlik sensorii (proximity switch) gibi giivenlik elemanlariyla izlenir. Bu elemanlar
secilmeden ve kurulmadan Once, sistematik bir risk degerlendirmesi uygun cihazlarin se¢ilmesini ve ilgili
prosediirlerin uygulanmasini saglayacaktir.

Carpigsmalar 6nemli bir yaralanma ve hasar nedeni oldugundan, risk degerlendirmesi sirasinda is birlik¢i
alanda, robot ve operatdriin yaptig1 igler, bir metodoloji ¢ercevesinde ele alinir, alt gérevler belirlenir ve ortaya
c¢ikan risklerle ve bunlara iliskin ¢6ziim onerileri belirlenir. (Sekil 25)
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ekil 25: Is Birlik¢i Calisma Hiicresinin Ug Katilimeis1 Arasindaki Etkilesimin Temsili Semasi
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(Gopinath ve Johansen, 2016)
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Kolaboratif robot sistemlerinde risk analizi yapmak i¢in ¢esitli yontemler mevcuttur. Bu analizler arasin-
da en ¢ok tercih edilenlerden ikisi FTA (Fault Tree Analysis- Hata Agaci Analizi) ve FMEA (Failure Mode
and Effect Analysis — Hata Tiirli ve Etkileri Analizi)’dir. Baz1 kuruluslar, operatér gorevlerinin goz oniinde
bulundurulmas: gereken uygulama alanlarinda risk degerlendirmesi yapmak icin Is Giivenligi Analizinin ya-
pilmasinin daha uygun olabilecegini belirtirler. Robotlarin neden oldugu hatalardan kaynaklanabilecek kaza-
lar1 degerlendirebilmek i¢in, Kantitatif Hata Agac1 Analizi, bu hatalara iligskin olas1 nedenler hakkindaki bilgi-
lere ihtiyag¢ duyar. Kalitatif FMEA ise, olasi tiim arizalar1 (ve etkilerini) anlamak ve belgelemek i¢in kullanilir,
boylece ariza kaynaklarini azaltmak icin diizeltici eylemler onerebilir. FMEA, her ariza modunu ve etkisini,
ariza olasilig1 ve olasi ¢oziimleri ile birlikte belgelemeye calisir.

Kolaboratif Calisma (Hiicresi) Alani:

Belirlenmis bir alanda, tanimlanmis bir gérevi yapmak iizere, gorevlendirilmis katilimeilarin her birinin,
kendileri i¢in tanimlanmig gorevleri yerine getirdikleri boliime Kolaboratif Caligma Hiicresi ad1 veriyoruz.
Bu hiicrenin tanimlamasinin temel amaci, gorevler ve bu tanimlanmig bu bolgede ¢alisanlarin etkilesimlerinin
haritalanmasidir.

« Kolaboratif Calisma Hiicresindeki Calisma Alani: Uluslararasi standartlar bu hiicrede ii¢ tane ¢calisma
alan1 tanimlamaktadirlar:

» Robotun Calisma Alani: Robot calisma alaninda, endiistriyel bir robot nominal hizda otomatik modda
hareket edecek sekilde programlanir bu alana izinsiz bir giris durumunda robot durmalidir. Geleneksel
olarak, robot ¢alisma alani fiziksel c¢itler veya glivenlik 6nlemleri kullanilarak dis etkilesimden kapatilir.

» Operatoriin Calisma Alani: Operatore gorevini yapmak i¢in atanan bu alan, operator ¢calisma alani ola-
rak adlandirilir, glivenlik agisindan siirekli izlenen bu béliimde, operatoriin robota yaklagsmasi durumunda
robotun hizi diiser, tanimlanan sinir yaklasma mesafesini de gecerse robot otomatik olarak durur.

» Kolaboratif (Is birlik¢i) Calisma Alani: Bu alan robotla operatoriin birlikte ¢alistiklar1 alandir. Bu ortak
caligma alani, robotun ve operatoriin birlikte caligmasina izin verir, bu da robotun ve operatoriin ortak
bir ¢alisma alanin1 kendilerine verilen gorevler dogrultusunda paylastiklart anlamina gelir. Robot, ortak
calisma alani i¢cinde otomatik modda hareket ettirilebilse de robotun hizi sinirlidir. Bu alanda robot/insan
kombinasyonu 6ngoriildiigli i¢in, bu ortak ¢alismada, her ikisinin de yapilmasi gereken is konusunda ta-
nimlanan ortak gorevlerinin oldugunu bilmeleri gerekir.

Is birlik¢i bir ¢alisma hiicresinin {i¢ tane katilimcis1 vardir;

« Endiistriyel Robot Sistemi: Giivenlik standartlarinda tanimlanan endiistriyel robot sisteminde, uyumlu
bir sekilde ¢alismak iizere tasarlanmis manipiilator, u¢ elemani ve harici sensor sistemi bulunur. Bu par-
calar ilgili giivenlik gerekliliklerine uygun olmali ve is birligi modunda operatorlerle giivenli calisacak
sekilde tasarlanmalidir.

« Operator: Operator, robot hiicresini paylasmasi beklenen egitimli personeldir, ancak ¢alisma hiicresinin
yakinlarinda bulunan diger personeli de igerebilir. Acil duruslarda, ¢calisma hiicresinin sorumlulugunu al-
malar1 ve sistemi durdurmalar1 beklenir.

« Caliyma Ortami: Harici miidahaleler yaralanmaya veya liretim gecikmesine neden olabileceginden, ¢a-
ligma ortami da robotik giivenlik standartlarin1 karsilamalidir. Calisma ortaminda, robot hiicresinin amag-
lanan iglevselligine miidahale edebilen ekipmanlar bulunur.

Kolaboratif Calisma Hiicresi I¢in IS Giivenligi Analizi (JSA):

Risk analizi, operator icin giivenli ve liretken bir robotik ¢alisma hiicresinin tasarimini degerlendirmek igin
kullanilabilir. Bunedenle, ¢aligma hiicresinin temel islevselligi saglanip katilimcilarin gérevleri tanimlandiktan
sonra, siirekli yinelenen bir siirecin baglayacagi anlasilmalidir.

Katilimcilar (robot ve operator/ler) ve gorevleri arasindaki etkilesimleri tanimlayan ¢alisma siireci su se-
kilde tanimlanabilir;

1. Uretim hiicresinin gerceklestirecegi fonksiyonlar, ayrik ve sirali alt gorevlere doniistiiriilebilir. Her bir alt
gorev, bunlar1 ayrilan bir calisma alani i¢cinde gerceklestirecek katilimcilara tanimlanir. Béylece ilk adim-
da, robot ve operatdriin gorevleri alt gérevlere boliiniir ve her bir alt gérev i¢in katilimci ve ¢aligma alani
olusturulur.
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2. (JAS) Is Giivenligi Analizi, kritik alt gérevlerin tehlikeler acisindan analiz edilmesini énerir. Ikinci adim-
da amag, katilimcilarin her birine tahsis edilen alt gorevleri analiz etmektir. Olasi tiim tehlikeleri tahmin
etmek icin, her bir katilimc1 ve katilimeilarm birbirleriyle olan kritik iliskileri analiz edilir. Ornegin T1,
bir operator tarafindan gerceklestirilecek bir alt gorevse, analiz, T1’in robotun yani sira Calisma Ortami
iizerindeki etkilesimini de saptayip incelemelidir.

3. Buadimda ise, her bir risk i¢in, olasi risk olusum faktoriiniin neden olabilecegi tehlikeler belgelenmelidir.
Bu risklerin olasi etkileri, riskleri ortadan kaldirma ¢ézlimlerinin hesaplanmasinda kullanilacaktir. Olas1
¢Oziimler, robot sisteminin tasariminda kullanilacak olan, ¢alisma hiicresi izleme ¢6ziimleri, tasarim gii-
venligi ve emniyet standartlaridir.

11.3. Uretim Ortamlari i¢in isbirlik¢ci Robotik Siber Fiziksel Sistemlerin Gelistirilmesi
Metodolojisi

Bilindigi gibi Endiistri 4.0’daki temel 6zellik, ¢cok kiigiik lotlardaki tirlinlerdeki, miisterinin gercek zamanl
degisken talebini karsilamaktir. Bu da robotun ¢alisacag iiretim veya montaj hattinda, kurulum, ayar ve hattin
yeniden yapilandirilmasi i¢in zaman kaybetmeden, miisterinin bir¢ok talebini karsilama imkani verecektir.
Akilli tiretim uygulamasi, katilan her bir bilesenin belirli bir IP adresine sahip oldugu nesnelerin interneti
(IoT) kavramu ile gerceklesebilir. IoT’de biiyiik verilerin mevcut olmasi nedeniyle, kestirimci bakim, tasari-
min giivenilir olmasi ve uyarlamali lojistik gibi parametreler hassas bir Sekilde tahmin edilebilir.

Endiistri 4.0 kapsaminda robotlardan olusan bir akilli fabrikanin tasarimi, gelecekteki iiretkenlik ve esnek-
lik distintilerek yapilir.

Bununla basa ¢ikmak icin de robotlar gelecekteki iiretimdeki is paylasiminda islerin biiyiik bir cogunlugu-
nu Ustlenirler, insanlar ise ya denetim roliindedirler ya da simdilik, robotlarin egitilemedigi gorevler icin ¢alis-
ma alaninda gorevlendirilirler. Akilli robotun ¢alisma alaninda veya yakininda siirekli insan varligi, giivenlik
konusunda bir endiseye veya riske yol agabilir. Geleneksel yaklasimda, operatorlerin, robotun ¢aligma alanini
ihlali durumunda, makinedeki kontrol sistemi, makinenin tam olarak durmasini ve operatoriin giivenligi sag-
layarak uzun siire robotun hamlesine maruz kalmasini dnler. Uretim hizim diisiiren bu durum hem iiretimde
durmalara hem de siirecin kaldig1 yerden tekrar baslatilabilmesini saglamak icin siireci yeniden tanimlama
gereksinimin ortaya ¢ikmasina neden olur. Bu konudaki en son yaklagim, robotun ve operatorlerin birlikte
var olabilecegi ve giivenli bir sekilde is birligi yapabilecegi robotik bir ortami uygulamaya sokabilmektir. Bu
uygulamalarda, robotlar ayni ¢alisma alanini is birlik¢i meslektaslariyla paylasir ve hammadde ellegleme,
montaj ve ambalajlama gibi ¢esitli gorevleri yerine getirirler.

Bu durum, glinlimiiz iireticileri i¢in de ¢ok ¢ekici gelmekte, maliyet, kalite ve is kazalarinin azalmasi gibi
avantajlar1 nedeniyle, su anda ¢esitli endiistri kollarinda ¢alisan bir milyonu askin endiistriyel robot biiyiik
bir hizla gérevlerini kolaboratif (is birlik¢i) robotlara terk etmektedir. Biiyiik finansal yiikler getireceginden,
biitlin bu robotlarin is birlik¢i sisteme doniismesi yakin bir zamanda oldukga zor goriinmektedir. Gliniimiizde
geleneksel endiistriyel robotlarin kolaboratif robotlara ¢evrilmesindeki en popiiler yaklagim, robotlarla opera-
torlerin birlikte ¢alistiklar1 alanlara sensorler yerlestirerek ve is birlik¢i operatorlerin hareketlerini izleyerek is
birlik¢i caligma alanin1 daha akilli duruma getirmektir. Bu yontemle bir¢ok endiistriyel robot, is birlik¢i robot
olarak operatdrlerle birlikte calisabilecek duruma gelecektir. Boylece birgok iiretici biiyiik yatirimlar yapma-
dan, daha makul harcamalarla endiistriyel robotlarin1 daha giivenli is birlik¢i ortamlarda kullanma imkanlar
bulacaklardir.

Bu tiir bir is birlik¢i ortam olusturabilmek i¢in, sistemin tiim elektronik, giivenlik, emniyet ve sensor ihti-
yaglarini karsilayabilecek bir siber fiziksel sistem (CPS/Cyber Physical System) olusturulmalidir.

Bu yolla, is giivenligi acisindan sikinti yaratabilecek 15 kg agirliginda parcalarin bile is birlik¢i ortamlarda
giivenli bir sekilde monte edilmesi, taginabilmesi, ambalajlanmas1 vb. miimkiin olabilecektir. Operator ile is
birlik¢i robot arasindaki gergek senaryoyu andiran sanal bir parga, robot ile operator arasindaki uzakligi he-
saplamak i¢in kullanilir. Ger¢cek zamanli mesafe hesaplamasina dayanarak, harici bir modiil tarafindan, robot
denetleyicisi sistematik olarak hizi azaltmakla gérevlendirilir.
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Isbirlik¢i Robot Teknolojisindeki Son Gelismeler:

Isbirlik¢i robotlarin gelistirilmesinde, son yirmi yilda yapay zeka, insansi robot ve dis gévdede bugiine
kadar ki gelisimler kullanilmistir. Bu tiir insans1 robotlarin temel amaci, engelli ve yaslilarin ihtiyaglarini
karsilamak icin ev ve tibbi uygulamalarda ¢alismaktir. Endiistriyel is birlik¢i uygulamalarda robotlarin kendi
baslarina ¢alismalar1 yerine, endiistriyel bir ortamda insanlarla birlikte giivenli bir sekilde ¢alismalar1 esas
alimmigtir. Hizla gelismekte ve yayginlagsmakta olan is birlik¢i robot sektdriiniin 2020 yili sonunda 2 milyar
$°1 asacagi belirtilmektedir. Bu biiyiime daha ¢ok, kiigiik ve orta Slgekli montaj ve elektronik malzeme
iireticilerinde gerceklesmektedir. Bu tiir esnek iiretim teknolojileri arayan endiistriler i¢in, robot iireticileri,
kii¢iik ve orta boy iirlin isleme ve diger islemler i¢in uygun is birlik¢i robot tasarimlart gelistirmektedirler.

Sekil 26°te degisik agilarda hareket edebilen yetenekli robotlar yer almaktadir.

(Cogu durumda, robot ucundaki efektor, en gelismis is birlik¢i robotlardaki yinelebilirlik yetenegini gosterir.
Tiim bu robotlar, eklemlerdeki i¢ kuvvet sensorleri ile gelistirildiginden kolaboratif alanda operatdrlerle hafif
bir temas olmasi durumunda bile rahatlikla ¢alisabilirler. Giivenli bir izlenebilirlik saglamak i¢in robot kollar1
ve uclari, yiiksek ¢oziintirliiklii hatta 3D kameralarla, donatilmistir. Baz1 uygulamalarda, isi tamamlamak i¢in
robotun ihtiya¢ duydugu konumlar i¢in hizli tanima ve izleme i¢in gorsel sensorler kullanilir. Tiim robotlar,
kendilerine verilecek yeni gorev i¢in egitilebilecek sekilde programlanabilir uyumluluga sahiptirler. Bu
robotlarin tasima kapasiteleri, yaygin olarak 0,5 ile 14 kg arasindadir. Carpismay1 aninda tespit ve ¢alisma
alaniin ihlali durumunda aninda robot kolunun hizinin azaltilmasi kolaboratif robotlarda yaygin olarak
kullanilan teknoloji 6zellikleridir.
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Sekil 26: Aktif Carpismadan Kaginma (Gopinath ve Johansen, 2016)

Genel olarak inceledigimiz zaman, endiistride ve hizmet sektoriinde geleneksel endiistriyel robotlar yerine
cogunlukla kolaboratif robotlarin tercih edildigini kolaylikla goriilebilir. Ayrica, bu son gelismeler insan-ro-
bot is birliginde (HRC) kiigiik ila orta 6lgekli yiik tasima proseslerinde, 6zellikle is saglhigi ve giivenliginin
on planda geldigi uygulamalarda kolaboratif robotlara ¢ok ragbet edildigini izleyebiliriz. Bu uygulamalari,
ontimiizdeki yillarda daha agir parcalarin kolaboratif ortamlarda montaji veya ambalajlanmasti iglerinin bir 6n
hazirlig1 olarak da nitelendirebiliriz. Baz1 robot tireticileri, ISO 10218-1:2011 ve performans seviyesi (PL) (d)
gilivenlik kurallara gore 35 kg yiik tagima kapasitesi olan is birlik¢i robotlar1 2021 basinda kullanima vere-
bilecekleri belirtilmektedir (FANUC).

Bu agamada tireticilerin iki konuya ¢ok dikkat etmeleri gerekmektedir, bunlardan birincisi, is birligi plan-
larin1 tanimlamak ve resmi bir derecelendirme sistemi olusturmak; ikincisi ise, endiistriyel senaryolarda in-
san-robot ig birligi i¢in bir Siber Fiziksel Sistem (CPS/Cyber Physical System) tanimlamak ve tanimlanmais bir
endiistriyel senaryoda sensor seviyesine kadar en uygun ¢oziimlere ulasabilecek bir metodoloji gelistirmektir.
CPS yontemiyle de hem geleneksel robotlardan kolaboratif robotlara gecilmis hem de kolaboratif robotlarla
daha agir is parcalarinin proseste yer alma imkani olacaktir.

Boylelikle kolaboratif robotlar i¢in donanimli bir dig ortam i¢in daha ayrintili hususlar, istenen senaryo
gereksinimi ve is birligi diizeyine gore dnceden tanimlanmis glivenli CPS’den tiiretilebilecektir. Bu konudaki,
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yaklasim, uygulanan robot gilivenlik Semalarini inceleyerek ve sonra etkili is birligi semalarin1 gelistirerek
baslatilir. IS birligi diizenleri siralandiginda, endiistriyel is birligi senaryolarinin segilen birkag sensor 6rnegi
ile resmi olarak siniflandirilmasi i¢in bazi temel gostergeler sunulur. Belirli bir endiistriyel senaryo i¢in sensor
seviyesi gereksinimlerini tanimlamak i¢in bir is birligi 6rnegi varsayimi hazirlanmalidir.

Insan Robot Isbirliginde CPS:

Onerilen yaklagim giivenlik gitleri gibi pasif giivenlik mekanizmalar1 olmadan giivenli bir HRC (Human
Robot Collaboration) is birlik¢i ortam yaratmaktir. Bunu gergeklestirmek icin is birlik¢i bir Siber Fiziksel
Sistem (CPS/Cyber Physical System) veya Is birlik¢i Robotik Siber Fiziksel Sistem (CRCPS/Collaborative
Robotic Cyber-Physical System) i¢in ek gilivenlik ve koruma 6nlemlerinin uygulanmasi gerekir. Bu giivenlik
ve emniyet (koruma) gereksinimleri, verimliligi artirmak, ¢caligsma alanindaki insan/lar ile robot/lar arasindaki
etkilesim diizeyine baglhdir. Giivenlik ayrica emniyetle yakindan iligkilidir, ¢linkii bu sistem diizeyi 6zellikle-
rinin her ikisinin de rekabet¢i olarak ¢ok iyi degerlendirilmesi gerekir. Aslinda, CRCPS tasarimindaki yakla-
sim, endiistriyel faaliyetlerin tasarimi, denetimi ve risk degerlendirmesi sirasindaki olasi giivenlik ve emniyete
iliskin endiseleri beraber ele almaktir.

CPS, gercek degiskenlerin degisen durumunu kontrol etmek ve algilamak i¢in sayisal ve fiziksel sistemle-
rin entegre edildigi akill bir sistemdir.

Bu tiir CPS’nin basarisi, sensor agi ile giivenilir ve emniyetli iletisim teknolojilerine dayanir. CPS’de, tiim
fonksiyonel bilesenler (komponentler) modiiller halindedir ve iiretim hattinda veya akilli fabrikada birbirle-
riyle kablosuz olarak iletisim halindedir. Hatta iiretim hattindaki hammadde ve makineler bile insan-makine
etkilesim sistemleri (HMI/ Human Machine Interaction System) araciligiyla is¢ilerle is birligi i¢inde olan aga
baglanir. Ozellikle imalat ve isleme sektoriinde CPS, elektronik, bilgi islem, iletisim, algilama, ¢alistirma veya
robot, gomiilii sistemler ve sensor aglarindan olusabilir. HMI teknolojileri ve diger tipik CPS modiillerine ek
olarak, montaj islerinde CPS, iiretim sisteminin esnekligi, iiretim senaryosu ve degisen montaj gorevlerinin
uyarlanabilirligi gibi diger kaynaklara da ihtiya¢ duyar. HRC’deki uygulama i¢in, tam 6l¢ekli bir CPS dagiti-
m1 insani1 sistemin dogal bir pargasi olarak aciklar ve hesaplarin ona gore yapilmasini 6ngoriir.

+ Insan bileseni (HC/ Human Component),
« Fiziksel bilesen (PC/ Physical Component),
« Hesaplama bileseni (CC/ Computational Component) ii¢ ana entegre varligi temsil eder

Bu ii¢ bilesen arasindaki etkilesimin kalitesi, etkinlestirici teknolojilerinin giivenlik diizeylerine baghdir.
HC, farkli adaptasyon teknolojileri ile iyi baglanmistir, 6rnegin; dogru insan pozisyonu izleme teknolojisi
CRCPS’de temel adaptordiir.

CRCPS, kompozit elemanlar arasindaki siirlar1 ortadan kaldirdigi ve operasyonel etkilesimleri tercih
ettigi i¢in oldukca otomatik bir sistemdir.

Insanlarin gérme, akustik ve dokunma duyularina hitap eden cesitli insan Makine Arayiizii (Human
Machine Interface/HMI) teknolojileri mevcuttur. Onerilen CRCPS te, galisanlarin (operatdrlerin) algilanmasi,
izlenmesi ve hareketlerinin dogrulanmasi i¢in gérme sistemini kullanabilir. Robotlar insanlardan gelen ses
kontrolii gibi akustik sinyallerle kumanda edilebildigi gibi, cesitli sensorler ve aktiiatorler araciligi ile Insan
Bileseni (Human Component/ HC), Siber Bileseni (Cyber Component/ CC) ve Fiziki Bilesen (Physical Com-
ponent/PC) arasindaki etkilesimi de rahatlikla saglayabilir. Bu role katkida bulunan bilesenler arasinda gos-
terilen standart etkilesimler vardir. Genelde sistemde kullanilan bagdastiricilar (adaptor) senaryoya gore, tak
/ ¢alistir aygitlar olarak gorev yaparlar. Bunun disinda, senaryo geregi, standart bilesenler ve CRCPS’de-
ki adaptorlerle istege bagh etkilesimler de saglanabilir. CRCPS, CPS’nin bir uzantisidir ve bu nedenle bir
CPS’nin sistem diizeyi 6zelliklerine uyumu gostermelidir. Bunun i¢in de CRCPS kendi i¢inde kararli olmali
ve biitlinliik 6zellikleri gostermeli, komutlar1 kesin olmalidir. Ayni zamanda, CRCPS uyarlanabilir, otonom ve
yiksek derecede otomasyon yetenegine sahip olmalidir. CRCPS ig¢in biitiinliik, fonksiyonel bilesenlerinin 6g-
renme ve adaptasyon gibi kendi kendini organize eden gorevleri yerine getirmek i¢in iyi entegre oldugu anla-
mina gelir. Bir 6rnek verecek olursak, eger iki CRCPS yakin fiziksel mesafede ¢alistyorlar ise, CRCPS’lerden
birinin bagli oldugu robot, diger CRCPS’ye bagh operatorle glivenli bir iletisim icerisinde olacaktir. Konum,
ortamin mekansal 6zelliklerine bagli olarak CPS‘nin hesaplama, insani ve fiziksel yeteneklerini belirleyecek-
tir. CPS*nin uyarlanabilir karakteristik 6zelligi, sistemi kendiliginden organize eder ve gelistirir. Ozerklik ise,
fonksiyonel bilesenlerin roliinii ve CPS’nin kendi basina bagimsiz kararlar verebildigini ifade eder.
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Is Birligi Stmiflandirilmast:

CRCPS endiistriyel ortaminda, robotlarin ve insanlarin ¢alisma alani bdlgelerinin sorunsuz bir sekilde
ortiismesi diistliniiliir. Normal olarak, insan/robot is birligi iki taraf arasindaki etkilesim diizeyini belirler. Et-
kilesim diizeyi, iki varlik (insan/robot) arasindaki mesafeye ve bu iki varlik arasindaki karsilikli gérevlerin
karmasikligina gore hesaplanabilir. Verilen gérev veya aksine yapilan insan aktivitelerinin tahmini veya ayni
zamanda gerceklesen is birlik¢i insan/robot hareketleri ile artirilmis gergeklik ortamindaki risk ongoriileri
caligma hiicresi igerisinde interaktif bir ortam olusturacaklardir.

Tiim gilivenlik ve koruma protokollerinin uygulanmasina ragmen, robot kullaniminin yogun oldugu {ilke-
lerde yine de liimler rapor edilmektedir. Ornegin, Almanya’da, 2005 ila 2012 yillar1 arasinda yilda 3 ila 15
arasinda is¢i bu ylizden hayatin1 kaybetmistir, ancak bu kazalarin higbiri is birlik¢i ortamlarda olmamigtir. Bu
kazalarda robot ve insanin fiziksel etkilesiminin yani1 sira insanlar iizerindeki zihinsel baskilar oldukca etkili
olmustur. Yapilan arastirmalarda, ¢aligma alanina girisin ve robot hizinin kisitlanmasi bile operatdrdeki zihin-
sel baskilarin hafiflemesi i¢in yeterli olmustur. Buna ek olarak, robot hareketlerine iliskin detaylarin 6nceden
bilinmesi operator tizerindeki baskilarin azalmasini saglamistir. HRC risk seviyesini de diistirmek i¢in, mutla-
ka is birligi seviyesini iyi ve tagima yiiklerinin gercekei bir sekilde siniflandirilmasi gerekir.

Giivenlik semalari, konum tahmini ve robotlar etrafinda akilli ortam kosullarina goére diizenlenmelidir.
Akalli ortam, robot ortamin1 konum, insan, giivenlik bolgesi ve mesafe hakkinda bilgilendirmek i¢in uygun
izleme sensorleriyle donatmak anlamina gelir. Bununla birlikte, robotlarla gerceklestirilecek is birlikei ¢alig-
maya iligkin giivenlik korumasinin dort temel ilkesi detaylariyla incelenmelidir.

Kiiciik boyutlu robotlar kullanilirken yaygin yaklasim, ya manuel olarak yonlendirmek veya robot hizini
gerektigi gibi azaltmaktir. Manuel yaklasim, agik dongiidiir, algilama olmadan, yiiksek HRC seviyesine sa-
hiptir, kiiciik boyutlu robotlarla sinirlidir ve yetenekleri tanimlanan risk degerlendirmesine baglidir. Bu temel
giivenlik yaklasimi ‘tam izolasyon’ olarak adlandirilabilir. Bu yaklasimda, kontrol altinda tutulmasi gereken
caligma alani, lazer tarayici veya yakinlik sensorleri ile donatilmistir. Bu yaklagimda robotlar ¢alisma alanina
birisinin girmesi durumunda durmalidir. Bu sistemler sensore bagimli olup kapali dongiidiir ve HRC seviyesi
kazanim1 yok denecek kadar azdir.

a

Collaboration classifications: a robot on safe hold against human violation, b speed reduction if the

worker is in the robot work zone, ¢ robot touching the human with a pre-defined calibrated force

Sekil 27: Is Birligi Stmiflandirmalar1 (Khalid ve digerleri, 2016b)

Ucgiincii yaklasim, gorerek veya hiz izleyen sensorlerle sistemin denetlenmesidir. Bu durumda is¢inin
tehlikeli bolgeye girmesiyle birlikte hizin yavaslatilmasi ve gerekiyorsa robotun durdurulmasi saglanir. Bu
giivenlik konsepti HRC i¢in, bu teknikte hizli ve giivenli bir es zamanli izlemeyi gergeklestirebilmek i¢in ¢oklu
entegre ve flizyon 6zelligi olan bir sensor kullanilir. Bu teknikle, yliksek HRC seviyesine ulasmak miimkiindiir,
ancak izleme fonksiyonundaki olasi bir ariza durumunda risk degerlendirmesinde zorluklar yaratir. Dinamik
izleme ilkeleri dogrultusunda, is birlik¢i ortamda calisan operatorlerin olas1 hatali hareketlerini saptamak i¢in
kullanilan algoritmalar, hiz ve ayirma modiilleri ile entegre edilmelidirler.

Kolaboratif alanda, operatdriin bulunabilecegi alan belirlenmis olup, siirekli olarak hareketleri kontrol
edilir, robot kendisine 6gretildigi gibi aktif olarak bu alan icinde kalmaya zorlanir, kuvvet sensorleri ile de
robotun belirlenen kuvvet degerleri ¢cikmamasi saglanir. Bu sistem ayni zamanda, is birlik¢i ¢aligma alaninda
insan olmasi durumunda robotu yonlendirecek goriis sensorleri ve kameralardan da destek alir. Buna ek olarak
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is birlik¢i sahada robotun operatoriin bedenine temas Siddetine gore, robot hiz1 ve ivmesi azalir. Bu nedenle,
izleme sistemlerinde, sensor teknolojisine ek olarak kuvvet sensorlerinin entegrasyonunu gerekir. Boylelikle
en yiikksek HRC kazanimi saglanmis olur, ancak izleme siirecindeki herhangi bir hatadan dolay1 risk deger-
lendirmesinde de birtakim zorluklar giindeme gelebilir. Genel HRC derecelendirme katkida bulunmak igin
secilen dort esit agirlikli anahtar performans gostergesi (KPIs/Key Performance Indicators) vardir. Bu en-
deksler PL, emniyet mesafesi (SD/ Safety Distance), risk (R) ve reaksiyon siiresi (RT Reaction Time)’dir. PL,
“Tehlikeli Arizaya Kadar Gegen Ortalama Siire” (MTTFd/ Mean Time to Dangerous Failure) olarak alinir, EN
ISO 13849-1a gore sistem bilesenlerinin bir yillik ortalama dongiisiiniin %10’u tehlikeli durus/ariza olarak
tanimlanir.

Denklem 1:

1
MTTF, = 7 E(%)
forx = min{P(failure of part - cycle/year) = 1}

(1)

E, bilesenlerin %10’unda tehlikeli bir ariza olana veya bilesen ¢alisma siiresi E ile sinirli olana kadar ge-
cen ortalama siiredir. Bu gostergenin birimleri yil cinsinden ifade edilir, 6rn. Elektromekanik bilesenler icin
MTTEFd araligr 100-200 yildir. Bu, bilesenin MTTFd degerinin %10’una ulasmasindan sonra degistirilmesi
gerektigi anlamina gelir. Bilesen degistirme siiresi olarak 20 yillik bir siire standarda gore bir hedef olarak
belirlenir ve bu gdsterge i¢in maksimum deger olarak alinabilir.
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— P[] i a }
@
KPI1: PL=MTTF, PLI . ©
KPI2: 5D S0 z {0 ||
dmdc; Collabaration eategary E a
KPI3: R bymax | Rl | computation 3 o |3
— Rl —] 0 | ¢ E
KPId: RT RTI g 10
@
T || d
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— @

Sekil 28: HRC Kademelendirme Semasi1 (Khalid ve digerleri, 2016a)

*Sol tarafta 4 KPI, sag tarafta ise not hesaplamasi bulunmaktadur.

Ikinci gosterge, insan (Operatdr) ve ¢alisan bir robot arasinda hesaplanan SD’dir. Endiistriyel bir robotla
caligan bir insan i¢in SD formiilii EN ISO 13855’te verilmistir.

Denklem 2: SD= (K.T) + C

SD, riskli bolgeden minimum SD’yi hesaplar. K, robotla ¢arpismak iizere olan operatoriin hizidir (mm /
s). T, frenler uygulandiginda robotun tamamen durmasi i¢in (s) saniye cinsinden takip siiresidir. C, giivenlik
uyumlulugu i¢in sensoriin kapasitesine veya ¢oziiniirliigiine bagl olarak ek mesafedir (mm). Sistemde birden
fazla sensor kullanilmas1 durumunda, herhangi bir sensor fiizyon teknigi kullanilmadig: takdirde, en diigiik
¢Oziinlirliige sahip sensor genel sistemin ¢ozlniirliigiinii belirlemektir. Cesitli sensorlerle yapilan hesaplar gos-
termistir ki, en hizli sensorlerle dahi SD=0,5 m degerine ulasabilmek miimkiin degildir. Ancak, SD degerinin
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yaklasik 2 m’den daha yiiksek olmasi durumunda, higbir kolaboratif ¢alisma sisteminden bahsetmek miimkiin
degildir. 3. gosterge, robotu iireten firmanin, spesifikasyonlarinda belirtilen giivenli olmayan bilesen sayisina
gore belirlenir ve R ile gosterilir.

Denklem 3: R= v
U+S

Giivenli olmayan bilesen sayisinin (U/Unsafe components) toplam bilesen sayisina orani risk olarak ad-
landirilir, burada (S/Safe components), sistemde kullanilan giivenli bilesenlerin sayisidir Denklem 3. Yukarida
belirtilen PL araligina gore, yani 100 yilin altindaki MTTFd’nin elektromekanik bileseni giivenli degildir.
Ayrica, her sensor, kullanilan giivenli ve giivensiz bilesenlerin sayisina bagli olarak tanimlanabilir.

CRCPS perspektifinden bakildiginda ise, kullanilan tiim sensor bilesenleri ve ekipmani giivenli veya gii-
vensiz olarak isaretlenebilir. Minimum risk ancak, kullanilan tiim bilesenler giivenli oldugunda belirlenebilir.
Maksimum risk ise, bir karsilastirmaya, tasarimcinin 6nerilerine veya ISO 12100:2010°a gore yapilan risk
degerlendirmeye gore kontrol edilebilir.

Is birligi etkinligini lcen doérdiincii indeks, ise sensorlerin veri gecikme orani1 (Di/delay rate)’dir. (Bkz.
Denklem 4).

Tasarlanmig bir CRCPS’de kullanilan sensorlerin ¢esitliligi, es zamanli olmayan veri iletim hizlarina neden
olabilir. Herhangi bir sensor flizyon tekniginin kullanilmadigi bir durumda, yanit vermek i¢in RT sistemindeki
tiim sensorlerden gelen gecikme siiresi, veri gecikme hizlar1 (ms/delay rates) acisindan 6nemlidir. Boylece,
sistemin genel gecikme siiresi, herhangi bir tehlikeyi 6nlemek i¢in robotun giivenlik protokoliinii zamaninda
baslatmasini saglayan kilit gostergedir. Daha uzun gecikme siiresi robotun RT sini olumsuz etkileyebilir ve bu
da etkili HRC kazaniminin azalmasina neden olacaktir.

Diger degisken, CPS sistemine takilan sensdrlerin (N) sayisidir. Sistemin, bir dizi heterojen sensdrden
olustugu durumlarda ise, bu degisken en yavas sensdrlerin sayisini temsil eder. Bu durumda k sabit olup, ta-
mamen yalitilmis k degeri sistemler i¢in sifir ve diger tiim izlenen sistemler i¢in birdir.

Denklem 4: RT =k (D; . N)

Farkli is birligi tekniklerine ve performans gostergelerine baktiktan sonra, is birligi derecelendirme
semasini resmilestirebiliriz. Sekil 3, HRC’nin diisiikten yiiksege derecelendirme modelini gostermektedir.
Sekil 30, sag tarafta ise, HRC dereceleri, burada al en yliksek HRC kazanim seviyesini ve d 2 en diisiik seviye
olarak belirtilir.

KPI;

Denklem 5: I; = KPL
]

Yukarida belirtilen gostergelerin tiimii, 0 -1 6l¢eginde ilgili endekslere doniistiiriiliir (en iyi KPI degerine
boliiniir).

SDI ve RTI durumunda, en iyi degerler en kiigiik oldugu i¢in ters dl¢ek kullanilir, 6rnegin SD hesaplamasi
icin 0,5 m’ye ulasmak ¢ok zordur. Sekil 3 sag tarafta, is birligi derecelendirme esit agirliga sahip dort endeksin
toplamina dayanarak belirlenir ve maksimum 4 puan elde edilir. Burada “a”, “b”, “c” ve “d”, sirasiyla 34,
2-3, 1-2 ve 0-1 olgegine karsilik gelir. Bu Sekilde, is birligi kazanimi, her kategori iki alt kategoriden olus-
mak tizere dort biiylik kategoriye ayrilir.
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From: A methodology to develop collaborative robotic cyber physical systems for production environments
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Sekil 29: CRCPS Tasariminda (Khalid ve digerleri, 2016a)

Sekil 29°de de goriildiigii gibi gerek robot ve gerekse de operator lizerine konumlandirilmis sensorler
operatoriin ne kadar yakinlagmasi gerektigi konusunda giivenli mesafe limitlerini denetlerler.

Hiz veya ivme azaltma evreleri, is birlik¢i ortamda tehlikeli bir durumun tanimlanmasi tizerine aniden
baslatilabilir ve is¢i caligma alaninda giivenli mesafe sinirini1 terk edinceye kadar robotun tamamen durmasina
neden olabilir. Tehlike gectikten sonra, robot kaldig1 yerden isine devam edecektir. Bunun diginda, sisteme
ayrica, robotu egitmek icin ellerin veya calisan sesinin kullanilabilecegi bir etkilesim modu eklenebilir. Bunun
icin, farkli el hareketleri kullanilarak, robotu etkilesimli ortamda egitmek gerekecektir. Kuvvet izleme sistemi
icin, SD limitine ulasildiginda kuvvet azaltma yaklagimi aniden uygulanir. Robotun, operatére dokunmasi
durumunda kuvvet sensdrleri, ek tepkiler verebilir. Ancak, bu tiir sistemleri tasarlamak i¢in farkl: viicut organ-
lar1 igin maruz kalabilecekleri kuvvet degerlerinin kalibrasyonun yapilmasi gerekir. Yeni is birlik¢i robotlarin
eklemleri kuvvet sensorleri, tork sensorleri ve bir kuvveti elektrik sinyali haline doniistiirmek i¢in kullanilan
yuk hiicreleri ile donatilmistir. Eklemlerinde kuvvet sensorii olmayan geleneksel robotlar, kuvvet azaltma ve
izleme yaklasiminda kullanilamaz. Isbirlik¢i robotlar, operatdrle carpistiktan sonra bu carpismayi algilama
ve operasyonu yavaSlatma/durdurma kapasitesine sahiptir. Bu robotlarin, insan agr1 seviyesinin herhangi bir
esiginin altindaki carpigsma kuvvetlerine gore kuvvet kalibrasyonu gereklidir. Bununla ilgili olarak, bu temas
kuvvetleri ile ilgili olarak, degerlendirmelere ve tasarima yardimci olabilecek biyomekanik deney sonuglari
mevcuttur.

Boyle bir CRCPS’de, insandan kaginma ve ¢oklu duyusal verilerin akilli kullanimi, insan izlemesi yapa-
bilen ¢oklu sensor entegrasyonu kullanilabilir. Baz1 durumlarda, kaynagin kapsamli yapisi nedeniyle, yerlesik
sistemlerde ger¢ek zamanli ve yazilim sorunlari ortaya ¢ikabilir. Uriiniin dmrii boyunca, gomiilii sistem yazi-
limi1, karmasiklig1 tanitan, gercek zamanli sistemin performansini sinirlayan ve tehlikeye atilan siber giivenlik
nedeniyle ortaya ¢ikan sorunlarda, siber ve fiziksel katman arasindaki entegrasyonun iletisimine ve senkro-
nizasyonuna ihtiyac¢ duyar. Bu tiir sorunlara cevap verebilmek i¢in sistemin, genel kontrol ve kendi kendine
dogrulama yaklagimlari vardir. Bu yaklagimlar, CPS modiilleri i¢indeki olagandisi sistem davraniglari ile basa
¢ikmak ve arizanin ger¢ek nedenini bulmak igin yararl olabilir. CPS arastirmasindaki bu sistem entegrasyonu
yaklagimlari, akilli sensor fiizyon teknikleri, akilli modiiler senkronizasyon ve izin verilen ek yiike bagli ola-
rak farkli koruma kontrol katmanlar1 ve dogrulama semalarini igerir.

11.4. Is Birlik¢i Bir Cahsma alaninda Giivenli insan- Robot Is birligi i¢in Siber Fiziksel (CPS /
Cyber Physical System) Yaklasimi

Insan-robot etkilesiminde n etki giivenligini saglamak i¢in ¢ok sayida ¢alisma ve siniflandirma mevcuttur.
Bunlarin en 6nemlilerinden bir tanesi, tehlike indeksine dayali insan-robot etkilesimi i¢in gercek zamanli bir
giivenlik sistemi tizerinde A. Sanderud, T. Thomessen, H. Osumi, M. NiitsumaA. Sanderud (A proactive
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strategy for safe human-robot collaboration based on a Simplified risk analysis) tarafindan yapilan bir
caligmadir. Bu ¢calismada, tehlike indeksini hesaplamak i¢in anahtar faktor robot ve insan arasindaki mesafedir.
Benzer bir yaklasimda, robot yoriinge kontroliiniin eslik ettigi bir operatoriin ¢alistig1 alana dayali bir risk
minimizasyon stratejisi yaklasimi C. Morato, K.N. Kaipa, B. Zhao (S.K. Gupta Toward safe human robot
collaboration by using multiple kinects based real-time human tracking) tarafindan yapilmistir. Bu ¢aligmada,
insan ve robotu temsil eden kiire tabanli geometrik modeller kullanilmistir. Ancak, bu yaklagimda sistemin
tepki siiresi saniye diizeyindeydi. A.M. Zanchettin, N.M. Ceriani, P. Rocco, H. Ding, B. Matthia ise (Safety
in human-robot collaborative manufacturing environments: metrics and control) ¢aligsmalarinda, insan-robot
is birligi senaryosunda gercek zamanli insan takibi i¢in birden fazla Kinect yaklagimi tizerinde calismislardir.
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Sekil 30: Kinect Ortak Izleme Algoritmasi Tarafindan Algilanan Noktalar (Nikolakis ve digerleri, 2018)
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Sekil 31: Kaydedilen Her Hareket I¢in Sensériin Konumu (Nikolakis ve digerleri, 2018)

Bu ¢aligmada, ayirma alaninin énemi ve gerektiginde robotun tamamen durdurulmasini igeren proaktif
veya ¢arpma oncesi ¢carpismay1 dnleme stratejisinin uygulanmasina yonelik degerlendirme vurgulanmaktadir.
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Robot ile insan arasindaki mesafe metrigine dayali olarak robot hiz1 i¢in bir kontrol stratejisi ile ilgili
yaklagim ise K. Jackson, K. Efthymiou, J. Borton tarafindan (Digital manufacturing and flexible assembly te-
chnologies for reconfigurable aerospace production systems) calismasinda yapilmistir. Bu ¢alismada, mesafe,
insan-robot is birligi senaryosunda proaktif veya ¢arpisma 6ncesi ¢carpismadan kaginma i¢in dnemli 6l¢iimler-
den biri olsa da sunulan uygulamalarin yanit siiresi ger¢ek zamanli kisitlamalar1 karsilamiyor gibi goriiniiyor
savi benimsenmistir. Halbuki, iretim mekanlarinin artan karmasikligi ve birbirine bagl sistemler gereksinimi-
ne bakilirsa, gergek diinya kosullarina yaklasan uygulamalara ve diisiik yanit siirelerine ihtiyag vardir.

Calisma zamaninda insan giivenligini saglamak i¢in, robotun davranisi, insan eylemlerine bagli olarak
uyarlanabilir hale gelmelidir, bu da operasyona yeni bir karmagiklik getirmektedir. Bu karmasiklig1 ¢6zmek
i¢in, ¢alisma zamani islemlerini simiile etmek, izlemek ve denetlemek i¢in veri, sensor ve iletisim hizmetleri
icin yeni bir entegre cer¢eve gereklidir. Bu entegre cerceve, siirekli olarak operasyonu degerlendirerek ve
gercek diinya kosullarina gore ayarlayarak, varliklarinin etkilesimini ve is birligini saglar. Bu da analitik ve
fiziksel yonleri birlestiren akilli bir sistemin olusturulmasina neden olur. Birbirlerine bagl bilgisayar sistem-
leri ve diinya arasindaki etkilesimleri gerceklestiren bu akilli sisteme CPS (Cyber Phsical System) ad1 verilir.
Insan-robot is birligi ve birlikte yasamay1 saglayan robotik CPS, uyarlanabilir, zerk ve yiiksek otomasyon-
lu olmalidir. Fiziksel sistemler, gesitli elektronik, bilgisayar, iletisim, algilama, harekete gecirme, gomiilii
sistemler ve sensor aglar1 araciligiyla gergek diinyadaki degiskenlerin degisen durumunu algilar. Robotik
CPS’nin tasarimi ve insan operatorler agisindan giivenlik yonlerini kapsayan risk degerlendirmesi sonucu
CPS {i¢ boliimden olusmaktadir.

+ Insan bileseni (HC/ Human Component),
» Fiziksel bilesen (PC/ Physical Component)
» Sayisal bilesen (CC/ Computatioanl Component).

Robotik CPS’nin ana kontrol parametresi insan giivenligi mesafesidir, yliksek diizeyde bir insan-robot is
birliginin gerceklestirilmesi i¢in dnemli bir konu, sensor veri hizlarinda iist diizey bir insan-robot is birliginin
gercek zamanl kisitlamalara iliskin teknik sinirlamalardir. Operatorler operasyonlar sirasinda, yiiksek zihin-
sel zorlanmalar yasar veya bagka bir deyisle, robota olan mesafeleri azaldiginda veya robot yliksek bir hizda
kendilerine dogru hareket ettiginde kendilerini daha az giivenli hissederler.

Insanlarla robotlarin bir arada ¢alistiklar1 is birlik¢i ¢alisma alanlarinda ¢alisma alanlari cakisir. Etkilesim
ve 1s birligi diizeyi, insan ve robot varliklar1 arasindaki mesafe, is birliginin karmasiklig1 ve caligma alaninin
paylasim diizeyine gore bicimlendirilebilir. Yapilandirilmak istenen mimaride, tiim isletim kaynaklar1 CPS’nin
fiziksel kismina aittir, ¢ilinkii hepsi birbirleriyle veya bagimsiz olarak etkilesim kurabilir, veri alisverisinde
bulunabilir ve davranislar1 siber boliimde bir kontrol algoritmasi tarafindan ozellestirilebilir. izlenen gergek
kosullara bagli olarak, mimaride, boyle bir is birliginin gereklerini ve kisitlamalarini bir ¢calisma alanindaki
tiim isletme kaynaklarinin tiretim 6zellikleriyle birlestirerek sorunsuz bir insan-robot is birligi saglamay he-
deflenmektedir. insanin robota olan yakinligina bagl olarak hareket eden kapali déngiilii bir kontrol sistemi-
nin olusturulmasiyla insan giivenligi saglanabilir. Bir ¢arpisma riski algilama modiilii kullanilarak ve uygun
carpisma Onleme stratejisi belirlenir. Gorme ve dagitilmis izleme sistemleri, gercek zamanl giivenlik deger-
lendirmesi ve ¢arpisma Onleme stratejilerinin gerceklesmesine olanak taniyan disiik islem ve degerlendirme
stireleri saglar.

Robotik ortamlarda calisan operatorlerin, robotlarla is birligi halinde veya etkilesimde olmalari durumun-
da kazalara kars1 korunabilmeleri i¢in asagidaki kombinasyonlara ihtiyaclar1 vardir.

* Calisma alanina ait gergek diinya kosullarina iliskin bilgiler,

» Faaliyet gosteren kuruluslardan veri toplama mekanizmalari,

* Zamaninda veri aligverisi i¢in iletisim hizmetleri,

* CPS varliklarinin durumunu kontrol etme ve yeniden yapilandirma yetenegine sahip yazilim bilesenleri.

CPS ile ilgili varliklar operatorler ve robot kollaridir. Yaklagimdaki otomasyon diizeylerine iliskin yakla-
sim her diizeyde bilesenler Sekil 31°de gosterilmistir.

94 ENDUSTRIYEL ROBOTLARDA GUVENLIi CALISMAYA iLISKIN ESASLAR VE UYGULAMALAR



Robotic system cele Hardware Systems
| 2+ B3 - = 1 |
- | ” B Workers - (]|
o I |
> I |
é | = * Robot speed |
3 * Robot kinematics
I Level - Human behavior I
I Cognition + Collision risk t
Actuators level \ assessment Sensors
| | Robot kinematics | | / Cyber Level \ MM-M’ #’m || Area monit.oln'ng )|
Robot speed + _Safety strategies Robot position
Human behavior / Data-to-Information +  Human detection Data acquisition
Conversion Level * Moving object detection
| _ e T
| / Smart Connection Level + Collab area :
: |
| |
Memory Data Bus Processors |
Networknode | _ _ _| imi i
: valuation .
Algorithm Algorithms
g Algorithms g

Sekil 32: CPS Yaklagimimin implamantasyonu Sirasindaki Hiyerarsik Diyagram (Nikolakis ve digerleri, 2018)

» En diisiik seviye, gergek calisma kosullarini almak ve yeniden yapilandirmak i¢in donanim bilesenlerini
(isletim alanini izlemek i¢in sensor sistemleri, siber pargaya bir iletisim arabirimini destekleyecek insan
mobil cihazlari, fiziksel robot(lar) ve denetleyicisini) igerir.

*  Veri aligverisi i¢in iletisim hizmetleri, alan verilerini siber parcanin gerektirdigi bilgiye dontistiirerek, in-
sana yakinligin1 degerlendirmeye ve boylece robota ve ikinci olarak da hareket eden herhangi bir nesneye
carpma riski kadardir.

« Ucgiincii ve orta seviye, fiziksel varliklarin veri isleme, degerlendirme ve kontrolii igin gerekli tiim
algoritmalar1 igerir. Bu noktada, fiziksel kisma herhangi reaksiyon gerceklestirmek, bu diizeyde
degerlendirme ve veri iglemenin, kisa siirede yapilmasi gerektigi goz onitinde bulundurulmalidir.

» Bilis diizeyinde, insan (lar) in ¢arpigsma riski, insanin hareketli bir nesneye yakinlig1 arasindaki mesafe
olarak degerlendirilir.

«  Ust katmanda, yapilandirma diizeyi reaksiyon stratejilerini ve fiziksel parcanin hareketlerini kontrol eden
veya etkileyen algoritmalar igerir, 6rnegin robota acil bir durdurma tetikleme veya insan operatoriiniin
mobil cihazina bir uyari sinyali gonderilmesi gibi.

Referans verilen piramidin bes katmaninda bulunan mekanizmalar, bagli bir CPS, operatorler, robotik
manipiilatdrler, Bilgi ve lletisim Teknolojisi (ICT/Information and Communication Technology) ve Yapay
Zeka (Al/Artificial Intelligence) bilesenleri ile koprii kurmay1 amagclar ve sensor sistemleri ile gomiilii bilesen-
ler ham veri akislarini (sensor verileri, zaman bilgiler, robot denetleyici verileri) siber kisma aktarirlar. Daha
sonra, siber boliimde uygulanan bir kontrol stratejisi, zaman bilgileri, referanslar1 ve bunlarin kaynagina gore
verileri toplar ve iliskilendirir. Daha sonra, verilerin islenmesi ger¢ek calisma kosullarin1 degerlendirmek i¢in
gerceklesir. Denetleyiciler, sabit kablolu glivenlik durdurma, robotik PLC komutlari, monitdrler veya mobil
cihazlar gibi yakindaki sabit veya uzak cihazlara gonderilen ve fiziksel sistemlerin davranigini etkileyebilecek
robotik giivenlik 6nlemleri olabilir bu da Sekil 34‘teki grafikte gosterilmistir.

Onerilen CPS’nin hedeflerinin saglanmasina yénelik olarak, insan ve robot davranisini yansitan veriler,
CPS tarafindan kontrol edilen, her iki tarafin davranig/eylemleri ile birlikte kullanilmalidir.

Son yirmi yil boyunca imalat sanayiinin evrimini gdsteren gesitli paradigmalar vardir. Uretim sistemle-
ri seri liretimden miisteri odakl liretime ve kisisellestirmeye gegis deneyimi yasamaktadirlar. Glinlimiiziin
iiretim Sirketleri kiiresellesmis, birbirine bagli ve degisken bir pazarda performanslarini artirmak i¢in ¢alistyor.
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Sonug olarak, bircok montaj hatti/istasyonu, insan miidahalesini ve karar almalara katilimini azaltmak i¢in
insan zekasini otomasyon ¢oziimlerine entegre etmeye odaklanmistir ve verimliligi artirmay1 hedeflemektedir.
Robotla birlikte calisan operator potansiyel bir sistem belirsizligi olarak ele alinir bdylece rolii kisitlanir ve
bir giivenlik ag131 olarak kabul edilir. Ote yandan, robotlar, ¢alismalarinda, yapilandiriimamis degisken or-
tamlara kisitlama ve / veya yapilandirilmamis degisken ortama pahali adaptasyon, karmasik programlama,
yetersiz kullanilabilirlik, degistirilebilir ve azalan iiretim gibi fonksiyonel sinirlamalarla  iliskilendirilir.
Insan becerilerinin modern otomasyon ¢dziimleriyle birlesimi, ger¢ek zamanl baglam farkindalig1 ve
giivenlik mekanizmalarinin entegre edilmesi, piyasalarin gereksinimlerini karsilayabilecek ¢evik bir liretim
paradigmasimin yaratilmasina yol agabilir. Iscilerle paylasilan bir ortamda calisan robotlar, insan giivenligi-
nin korunmasinin biiyiik 6nem tasidig1 yeni bir hibrit (karma) iiretim konseptini miimkiin kilmaktadir, ¢linkii
robotlar birlikte calistiklar1 insanlarda ciddi ve 6liimciil yaralanmalara neden olabilir. Bu gibi durumlarda,
robotun hizi zararli ¢arpismalar1 dnlemek icin diisiik tutulur. Ancak, carpisma riski en aza indirilmisse, robot
iiretim siiresinin biiyiik bir kisminda daha yiiksek ¢alisma hizina izin verilebilir.

Gtivenlikle ilgili uygulamalarin, 6zellikle insan-robot is birligi dahil olmak {izere, en sonuncusu, is¢ileri
kazalardan ve yonetimi yasal yaptirimlardan koruyan ¢esitli endiistriyel giivenlik standartlari ile tanimlan-
maktadir. insan-robot is birligi i¢in siber fiziksel sisteme gore emniyet ve giivenlik gereksinimleri, verimli-
ligin arttirilmasi i¢in ¢alisma alanindaki insanlar ve robotlar arasindaki etkilesim diizeyine dayanmaktadir.
Insan ve robotlar arasindaki is birliginin, el ile ¢6ziime kiyasla temas siiresini azaltmak acisindan, bireysel
karmagik montaj siireclerinin verimliligini artirict oldugu belirtilmistir. Pasif hareket yonlendirme teknigi,
insan giivenliginin korunmasi i¢in sinirlt bir giic yardimai ile birlestirilir, manuel hiicreye gore, is birlik¢i ¢a-
ligsma hiicrelerinde daha diisiik dongii siirelerinin oldugu goriiliir. Bu arada operatoriin gorsel takibi ile birlikte
kuvvet ve tork 6l¢iimleri de saglanir. Esik degerlerine dayali bir giivenlik algoritmasi uygulanarak insan eli
ile robot iizerindeki takim arasindaki ara mesafeye bagli olarak giivenlik politikalar1 (robot giivenlik durdur-
ma veya insan elinden uzaklagma) belirlenir, ortak fiziksel etkilesim i¢in nicel modellerin hesaplanmasi ve
Markov Karar Siireci’nin kullanimiyla etkinlestirilmis bir sonraki eylem beklentisi stratejisi, ile dngoriilebilir
kantitatif degerlendirmeler yapilir.

Genel olarak, giivenli insan-robot is birligine yonelik yaklasimlar iki kategoriye ayrilabilir: etki 6ncesi
ve sonras1. Etki 6ncesi yontemler robot ve insan ayrimina dayanir ve ayrim onceden belirlenmis bir giivenlik
esiginin altinda oldugunda 6nleyici eylemlere olanak saglar. Ote yandan, tepki sonrasi yaklasimlar, 6zellikle
insanla temasi tespit ederek tehlikeli seviyenin altindaki insanlar i¢in temas kuvvetlerini azaltip ¢arpigsmalari
tespit etmeye ve tepki vermeye odaklanir. ikinci kategori, insan operatorii i¢in dogal bir risk de dahil olmak
izere bir carpismay1 gerektirirken, ilki, yeterince dogruysa, glivenlik reaksiyonlarini énceden uygulayarak
bu riski en aza indirir. Ancak, bu durum daha diisiik verimlilige yol acabilecektir. Ozellikle karmasik islerin
yapildigy, 15 birlik¢i ortamlarda insan giivenliginin korunmasina yonelik yaklasimlarin, risk analizi ve azaltma
onlemleri de dahil olmak {izere ayrintili bir risk degerlendirmesinin mutlaka yapilmasi gerekli goriinmektedir.
(Y Chinniah Robot Safety: Overview of risk assessment and reduction). Bu konuda yapilan risk degerlendir-
me stratejilerinin ortak bir 6zelligi, giivenlik politikalar1 ve standartlari ya insan yakin oldugunda robotun hizi-
ni1 diislik veya sifir seviyelerde tutmak ya da robotu insandan uzaklastirmak ve bdylece aralarindaki mesafeyi
korumaktir.

Robotu kontrol eden, Programlanabilir Mantik Denetleyicisi (PLC/ Programmable Logic Control) robotun
o andaki konumu, hiz1 ve eklem koordinatlarini yansitan bilgiler tiretir. Bu veriler, kontrol birimine génderilen
uygun komutlar araciligiyla davranislarinin izlenmesini ve kontrol edilmesini saglar. Hiz adaptasyonu ve robot
hareketlerinin yeniden yapilandirmasi insan giivenligi ile ilgili kritik islevlerdir. Benzer bir yaklagimda, ope-
ratOrler iletisim servisleri tarafindan desteklenen mobil cihazlar ve uygun yazilim araytizleri araciligiyla CPS
ile etkilesime girebilir. Calisma siiresi boyunca, is¢iler, akilli bir sistem araciligiyla mobil cihazlar araciligiyla,
talimatlar, rehberlik, gérev atamalar1 ve ¢arpigma riski bildirimleri seklinde, daha dikkatli olmalar1 ve/veya fa-
aliyetlerini ayarlamalar1 konusunda uyarilarak verilen gorevleri gerceklestirmek i¢in destek alabilirler. Ek mo-
bil varliklar1 destekleme baglaminda, paylasilan ¢calisma alaninda ¢alisan ve ¢alisanlar ve robotlarla etkilesime
giren bir izleme sistemi vardir. Onerilen yaklagimda, derinlik veri alimini desteklemek igin kullanilan Kinect
v2 optik sensorler kullanilmaktadir. Derinlik verileri, ¢calisma alani ve i¢inde gergeklesen faaliyetler hakkinda
3D/3 boyutlu bilgi saglar, boylece insan / nesne algilama ve izlemeyi miimkiin kilar. 3D veri akislari, karmasik
ve zaman alic1 islem gerektiren yiiksek miktarda dijital bilgi igerir, ancak insan fiziksel viicut hacmine dayali
insan giivenligi senaryolarinda 6nemli olarak kabul edilen herhangi bir degerlendirmeyi etkinlestirebilir. PLC,
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derinlik sensdrleri ve mobil cihaz donanimlarinin kombinasyonu, paylasilan ¢alisma alani kosullar1 hakkinda
dijital bilgi Seklinde gerekli bilgileri saglar. Kurulan ag baglantilar1 ve iletisim kanallar1 araciligryla, gergek
calisma kosullar1 hakkinda bilgi igeren veriler, analiz ve alt siiregler icin CPS’nin fiziksel kismindan siber bo-
liime aktarilir. CPS’nin siber boliimiinde, derinlik sensorleri tarafindan birden fazla diizenekten (frame) elde
edilen derinlik verileri, insanlarin ve hareketli nesnelerin tanimlanmasi i¢in islenir. Hareket ardisik gorev dii-
zeneklerinin karsilastirilmasi ile algilanir. Bu karsilastirma ortak bilgilerin ¢ikarilmasiyla gerceklestirilir. Bir
derinlik sensorii tarafindan tiretilen veriler bir nokta bulutu bigimindedir, yani ii¢ boyutlu uzayda Kartezyen
koordinat noktalari olarak adlandirilirlar. IS birligi sirasinda insan giivenligi i¢in zamaninda insan algilama ve
izleme siireci saglanmalidir. Kinect v2 sensoriiniin iki veri akisini destekledigi géz 6niinde bulundurulmalidir;
derinlik verileri ve iskelet yapisi verileri. Insana 6zgii derinlik bilgileri, iki veri akis1 ve boylece okliizyonlar
(tikanmalar-aksamalar) nedeniyle, insan tespitinin dogrulugunu arttirmak iligkilendirilerek ortaya cikarilabi-
lir. Derinlik haritasinin olusturulmasi ile beraber uzaydaki Kinect konumu referans olarak kabul edilerek, ti¢
boyutlu uzayda ¢ok sayida nokta igeren insan noktasi bulutu tiretilerek, nokta bulutunun, yerel sensoriinkine
gore koordinat referans sistemine sahip oldugu belirtilmelidir. Ger¢ek zamanli ve insanlarla ilgili yakinlik
degerlendirmesini miimkiin kilmak i¢in, insanin 3D noktalarina iliskin veri kiimesinin digbiikey gévdesinin
olusturulmasiyla boyutu kii¢iiltiiliir. Sonug olarak, operatore ait bulut zarfi lizerindeki noktalar daha fazla de-
gerlendirilmek iizere hafiza tutulur. (Sekil 33)

Scene depth data Human point cloud Human point cloud and convex
hull points in red

Sekil 33: Temas Sirasindaki Kuvvetin Cilt Yiizeyinde Hissedilen (Nikolakis ve digerleri, 2018)

Birden fazla sensoriin birlikte calismasi, izlenen alandaki kor noktalarin en aza inmesini kolaylastirir.
Deneysel kurulum i¢in, bir robotik denetleyicide ve kablosuz bir ag tarafindan etkinlestirilen bir Android
cihazinda senkronize bir TCP / IP soketleri bulunur. Veri aktarim gecikmelerinin en aza inmesi i¢in, ag, si-
nirli bir alan lizerinde ve az bir say1 diiglimii i¢in kurulur. Robotik denetleyicideki soketler, robot ucu efektor
koordinatlarinin denetim altinda tutulmasi ve yavaslatma /durdurma gibi hizla ilgili komutlarin iletilmesi igin
giivenlik stratejilerine bagli olarak kullanilir. Ayrica, android cihazdaki soket araciligiyla, calisma alanindaki
caligsanlar herhangi bir hareket eden cismin sinirlandirilmis alana dogru hareket ettigi konusunda sesli olarak
uyarilir. Mevcut uygulamanin temel islevlerinden birisi ise 6lgeklendirilebilir olmasidir. Bir sensor kullanil-
mas1 durumunda, siber parcanin tim hesaplamalari tek bir bilgisayarda yerel olarak gerceklestirilir. Ancak,
birden ¢ok sensor sistemi kullanildiginda, derinlik veri isleme adimlari, koordinatlarin doniistimii ve mesafe
hesaplamasi ¢esitli diigiimler arasinda dagitilir. Daha sonra, sonuglar CPS fiziksel varliklarin (insan ve robot)
kontroliinden sorumlu merkezi bir diigiime aktarilir. Daha sonra, hesaplanan mesafelerin ortalama degerlerine
gore segilen gilivenlik ilkelerini uygular. Sensorlere bagli bilgisayar sistemleri, 3D grafik igleme ile ilgili bazi
minimum gereksinimleri karsilamalidir. Boylece, bu yaklagim kisa hesaplama siireleri ile sistemin hizli karsi-
lik vermesini saglar.

Mesafe hesaplama bileseni, daha dnce belirtilen ve bagimsiz bir windows uygulamasi olarak dagitilan tiim
islevlerle sarilmistir. TCP/IP soketleri araciligiyla iletisim saglanir, bdylece gergek ¢alisma kosullarina uygun
kontrol stratejilerinin neredeyse gercek zamanli olarak segilmesine dayali karar alma olanagi saglanmis olur.
Ek olarak, uygulama robot simiilasyonlar1 ve sensor sistemlerinin nokta bulutlar1 ve digbiikey gdvdeleri ile
etkilesim i¢in kullanilabilen Unity ¢ergevesiyle sinirli etkilesimi destekler. Unity, bir veya daha fazla robotun
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sensoOr bilgilerini okur ve robotun bir oyuncu oldugu gercek calisma kosullarini iceren modelini olusturur,
yapay zeka davranist Unity tarafindan saglanir, bu davranig daha sonra bu davranis1 gosterecek olan fiziksel
robota geri gonderilen komutlara cevrilir.

Sekil 33°de Unity gorsellestirmesi ile ¢alisan uygulamanin ekran goriintiisii goriinmektedir. Bu sekilde,
insan noktasi bulutu kirmizi, konveks govde ise yesil olarak belirmektedir. Gorsellestirme arayiizli sadece de-
netim amagclidir, bu nedenle robotun yakinindaki insan varligini gorsellestirmek i¢in insan noktasi bulutunun
ve digbiikey gdvdenin sinirlt bir alt kiimesi kullanilir. Birlik grafikleri yiiksek kalitededir ve sahnenin ¢alisma
zamaninda giincellenmesini zorlastirir. Daha net gorsellestirme i¢in daha hafif bir aracin segilmesi veya 2D bir
arayliziin benimsenmesi gelecekteki arastirmalarin ana hedefi olacaktir.

Sekil 34: Gelistirilen Uygulama Araciligtyla Kullanim Ornegi Gérsellestirmesi (Nikolakis ve digerleri, 2018)

12. RISK ANALIZ YAKLASIMLARI

Kitapta endiistriyel ve kolaboratif robotlar, uygulamalar ve uygulamalar sirasinda giindeme gelebilecek
cesitli riskler hakkinda bilgi verilmekte ve risklerin azaltimi ile risklerin olusumu hakkinda yapilmasi gereken
risk analizlerinde dikkat edilmesi gereken hususlar ile bunlar i¢in alinmasi gereken 6nlemlerin neler olabi-
lecegi konusunda bilgiler verilmektedir. Risk analizleri yapilirken, 6zellikle ISO/TS 15066 nin tavsiyelerine
gore hareket edilerek, burada verilen limitler iizerinden hareket edilmis, risk analizi ve risk azaltma 6nlem-
leri 6zetlenmis, riskleri azaltmak icin kullanilan genel yontemlerin yan sira ana tehlikeler hakkinda da bilgi
verilmistir. Bu boliimde, yapilan ¢esitli arastirmalarda, robot/insan is birligi sirasinda robot insan temasinda,
tehlike yaratabilecek unsurlar ele alinmis, 6zellikle ISO/TS 15066 tarafindan verilen esik degerlerle uyumlari
ele alinmistir.

Kobot/operatdr is birligi i¢in yapilacak risk analizlerinde ¢esitli yaklagimlar kullanilmaktadir, ancak ana-
liz sonuclar1 her bir robotun kullanildiklari uygulamalarda ayni neticeyi vermedigi anlagilmistir. FMEA ve
FTA gibi geleneksel yaklasimlarin, insan faktorleri ve tehlike kombinasyonlari nedeniyle her zaman tehlikeyi
yakalayamadiklarindan HRC i¢in uygun olmadiklar1 goriilmiistiir. Bu yiizden de robotik uygulamalarda teh-
like tanimlamasini iyilestirmek i¢in resmi dogrulama yontemleri tercih edilmektedir. Bu yontemler, operator,
ekipman veya verimlilik ile ilgili potansiyel tehlikeleri belirlemek ve degerlendirmek i¢in bir dizi toplant1 ve
beyin firtinasi siirecinden olusan HAZOP gibi teknikleri tamamlamak i¢in uygulanabilir. Buradaki amag dene-
yimli kullanicilardan ve deneyimli giivenlik miithendislerinden miimkiin oldugunca fazla bilgi almaktir. Baz1
durumlarda, kontrolle ilgili kusurlar1 tanimlamak i¢in, sistemin kontrol yapisinin bir modelini olusturan STPA
kullanilip, yar1 resmi veya resmi ¢oziimlerin bir kombinasyonu halinde robotik konulardaki giivenlik sorunlari
ele alinabilir. STPA ve HAZOP gibi yaygin kullanilan yaklagimlar ise her ne kadar bi¢imsel ¢éztimlerle birlik-
te kullanilirlarsa da ancak tehlike tanimlama ve giivenlik tasarimi i¢in genel bir ¢ergceve olusturabilirler. Ro-
botun davranisini tanimlamak i¢in durum g¢izelgeleri kullanilarak, HAZOP’la birlikte, potansiyel tehlikeleri,
nedenlerini ve ciddiyetlerini belirlemek i¢cin UML modellerine iliskin diyagramlarin da kullanildig: 6rnekler
mevcuttur.
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HRC uygulamalarinda, giivenlik analizlerinde kullanilan yaklasimlardan biri de SAFER-HRC metodoloji-
sidir. Metodoloji, operatdrler ve robotlar arasindaki dngoriilebilir istenen ve istenmeyen etkilesimleri (hatalar)
arastirmak i¢in resmi dogrulama tekniklerine dayanmaktadir.

2012 yilinda Ingiltere’de yapilan ve hazirlanan (HSE) Health and Safety Laboratory for the Health
and Safety Executive Report‘ta yaymlanan Collision and Injury Criteria When Working With Collaborative
Robots baglikli makalede, robotun insana ¢arpmasi sirasinda insan iistiindeki koruma ekipmanini test etmek
icin CEN/TC 162, elektrikli kapilar i¢in kabul edilebilir ¢arpma degerlerini iceren BS EN 12453:2001 stan-
dartlarindan faydalanilarak, ¢arpisma sirasinda, insan viicudundaki, darbe kuvveti, sikisma, darbe, ezilme
veya kirtlma konusundaki tavsiyeleri incelenmis ve basing, etki, darbe, kirma kuvvetleri iizerine aragtirma-
larin mevcut durumu ve ¢arpma sonrasinda viicut bolgelerindeki etkilerine iliskin degerlendirmeler iizerinde
durulmustur.

Tablo 16°de, ISO/TS 15066 taslagindan alinan degerlerin, CEN/TC 162 taslagindan alinan degerlerle
karsilagtirmasi1 gosterilmektedir. ISO/TS 15066 taslagi icin segilen degerlerin, CEN/TC 162°de onerilen de-
gerlerin neredeyse hepsinden daha diisiik oldugu goriilebilir, bu da kuvvet seviyelerinin temkinli se¢ildigini
gosterir. ISO/TS 15066 taslaginda insan viicuduna iliskin ¢esitli kategorilerin, CEN/TC 162 belgesinde birebir
esdegerlerinin olmadig goriiliir, CEN/TC 162 sadece viicut bolgelerindeki kirilma/basarisizlik verilerini kul-
lanma egilimindeyken, ISO/TS 15066 agr1 esiklerini ve cilt / et hasarini dikkate almaktadir. CEN/TC 162°deki
degerler, standarttaki referanslar listesinin Ek 1’inde oldugu gibi, verilen referanslarla bir dizi aragtirma kay-
nagindan toplanmistir.

Tablo 17: Taslak CEN/TC — 162 ve Taslak ISO/TS-15066°Dan Kuvvet Sinir Degerlerine Yo6nelik
Bazi Karsilagtirma Degerleri (HSE, 2012)

Level of injury rexulfing from impact force ranges (V)

CEN/TC-1462 CEN/TC-142 IS0OTS 15hG6*
Eody area Severe / moderate  Slight or ne injury Injury criteria
Skl top [ forehead irapact G00 to 110000] <1000 175H
Face 200 to 5500 =100 o
Meck (frontlarym:x) 700 =100 35
Chest /ribs 580 to 5500 =500 210
Eelly / abdominal organs 1000 to 4000 200 to 2000 150
Back 2000 to 5000 <2000 250
Upper anm " elbow joint 2000 oy 4000 170D 190
Lower aren S hand joint 500 to 3800 500 IO
Thigh / kmee 2500 to 100040 1000 to <3000 250
Lonwver leg 200 o 5000 <100 170
Fest [ toes [ joint 150t 1300 Iat listed 150
*evel gf iy s dgffred v ISOVTS 15088 asr In the sstablithed main aad indhiidual bodl regions
accordivg to Table I, only thase siresses o the shin and wnderiiing conmeciing oF muscle LHITus MOy
eoowr where there was noe degper skinfissue penetrarion gooowmpanied by loceraiions or abrasiors,
Jhacrwres or other sfeletal domages. ... Uhder ro circumistarices @ risk for puries with Hgher severil)
thepe cagegory 4 gf the Abbreviared Injury Srale (AT51) and meore severs thaer with the codificarions for
serfice pyuries gf the JCD-10-2008 can be tolarated.

ISO / TS 15066 taslagi sinir degerlerinin, Yolcu Koruma ve Rayli Sistemlerde Cikis (OPERAS) projesi
icin raporda bulunan tolerans degerleri ile bazi1 karsilastirmalar Tablo 18’da verilmistir. Ornegin, ISO / TS
15066°da kuvvet degerleri Newton olarak verilirken, OPERAS projesi, tolerans1 g- kuvvet veya maksimum
fiziksel yer degistirmeyi mm cinsinden vermistir.
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Tablo 18: Taslak ISO/TS-15066 ve Diger Literatiir Kaynaklarindan
Kuvvet Smir Degerlerinin Karsilastiriimas: (HSE, 2012)

Value from Draft ISO/TS 15066’ Value from OPERAS report

Criteria description Value Criferia description Value®
() (mixed units)

SkullForehead CSF- 130N No skull fracture <2200
SkullForehead IMF* 175N ATS 0-1, no concussion <553g for 3ms
Face CSF 65 AIS 0-1, no facial injury <250N
Chest C5F 140 AIS 0, no nib fractore ==38mm chezt deflection
Chest IMF 210N Minor injury, sternum 3300
Chest IMF 210 235% chance of AIS 4 mjury 3500
Belly CSF 110N | AIS 0, no injury <20mm deflection
Pelvis IMF 250N AIS 0, no fractore, lateral <4000N
Uppr armyEblw joint IMF 190 Humerus, bending, female 1710
Lwr arm/Hand joint IMF 20N Ulna, bending, female 810N
Lwr arm/Hand joint IMF 220N Radiusz, bending, female 670N
Hand/finger IMF 130 Neo hand fracture <5m/s impact velocity
Thigh ! knee IMF 250N Femur, bending, female 2580
Thigh / knee IMF 250 Neo dislocation <8mm Ing shear displacement
Lower leg IMF 170 Tibia, bending, female 240
Lower leg IMF 160 Fibia, bending female 300N
‘: See Table 1 for a description of the injury criteria for the ISO/TS 15066 force values;
* CSF = Clamping / squeezing force
* IMF = Impact force
* Some values are not directly comparable because of the difference in the units, but are
provided for making a qualitative comparison. Even where units are the same, the exact method
Ll 2 o7 e 2HEr pelv fo be different which (imi OISR,

Standartlar arasinda, verilen kuvvet sinirlamalari arasindaki farkliliklardan dolay1 bu durumlarda karmagik
bir durumun ¢ikmasi giindeme gelebilir. Zaman i¢indeki bu degisken kuvvet limiti 50 ila 500 mm’lik bosluk-
lar i¢in gegerli olup, degerler viicudun ¢cogu kismi i¢in gecerli gibi gériinmektedir. Bununla birlikte, bu kuvvet
sinirlar1 i¢in yaralanma kriterlerinin agikc¢a tanimlanmadigi, yani sinirin, 6liimii, ciddi yaralanmay1 veya hafif
yaralanmay1 O6nleyecek sekilde tasarlanip tasarlanmadigi ¢ok belirgin degildir.

Viicudun bir biitiin olarak dinamik karmasikligina bir bagka 6rnek, bir nesne ile ¢carpismadan sonra basin
veya viicut parcalarinin hizl1 hareket etmesi nedeniyle boyundaki kuvvetlerdir. Ornegin, mankenlerin kulla-
nildig1 ¢esitli ¢arpisma/darbe testlerinden basa gelen darbe kuvvetlerinin boyuna aktarilabilecegi gortilmiistiir.
Test mankeninden alinan kuvvet 6l¢iimleri, test sirasinda kafaya verilen darbe degerleri i¢in boyuna gelen
kuvvetler incelendiginde, ¢evredeki nesnelerin kisitlamalarinin boyuna aktarilan kuvvetleri nasil énemli 61-
clide etkileyebilecegi goriilebilmektedir. Kafa ve gdvde i¢in kabul edilebilir bir darbe kuvveti belirleme giri-
simi, boyunda kabul edilebilir vuruntu kuvvetlerinin dikkate alinmasini1 gerektirecektir. Sonug olarak, kafa ve
govde icin verilen kabul edilebilir darbe kuvvetini belirlerken, bu kuvvetlerin boyunda olusturabilecegi darbe
degerlerinin siirlarini da belirleyecegi saptanmistir, ancak bu tip vuruntu kuvvetlerinin ISO / TS 15066 tas-
lag1 icindeki kuvvet sinirlarinda dikkate alinip alinmadigi taslagi hazirlayanlarla karsilikli teyit edilmemistir.

- Insan Davramisinin Giivenilirligi

Isbirlik¢i ¢alisma ortaminda robot operatdr temasi mutlaka ortak ¢alisma alaninda olacaktir. Robotun
hareket eden kismiin konumu ¢ok Onemlidir, ¢iinkii degisken veya bilingsiz bir operatdr hareketinde,
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viicuttaki temas eden noktaya gore yaralanma veya ezilmenin seviyesi de farkli olacaktir. Bu istemsiz ve
giivenilmez operatdr davraniglarinin detayli bir Sekilde agiklanmasi gereklidir.

Kolaboratif robotlarda, geleneksel robotlardaki ¢itlerin kalkmasiyla beraber, insan/robot temas olasiligi
daha ¢ok arttigindan, risk degerlendirmeleri yapilirken insan performans giivenirliliginin de mutlaka degerlen-
dirilmesinin gerekli oldugu goriilmiistiir. Citlerin kalkmasiyla birlikte insanlarla robotlarin birlikte ¢alisiyor
olmalarina ragmen daha az temas oldugu gozlenmistir, ¢linkii ¢itlerdeki temaslarin veya kazalarin birgogunda
istemeyerek te olsa insanlarin performanslari etkili olmaktadir.

- Giivenli Calisma Alan1 Paylasimi Icin Temassiz Modlar:

ISO/TS 15066:2016, is birlik¢i ¢alisma alaninda hareket eden robotlar i¢in ISO 13855°te Onerilen mi-
nimum giivenlik mesafelerinin dikkate alinmasin1 onermektedir. Her ne kadar, tasarim sirasinda 15066’da
onerilen sensorler kullaniliyor olmasina ragmen, yapilan ¢aligmalarda, birden fazla robot ve operatoriin ¢a-
lismasinin s6z konusu oldugu is birlik¢i alanlarda, tasarim sirasinda mutlaka robot ve operatorlerin goreceli
konumlari, hizlar1 ve giivenli mesafeleri izleyip denetleyebilecek kademeli sensorlerin kullanilmasinin gerekli
oldugu saptanmistir.

Yapilan bagka bir risk analizinde, tozlu veya degisken 151k kosullarindaki, ¢alisma ortamlarinda yetersiz
goriiniirliik, is birlik¢i alanda ¢alisan gerek operatdrlerin ve gerekse robotlarin mesafeleri ve konum bilgileri-
ni algilamakta zorlandiklarin1 gostermistir. Bu durumlarda kullanilan sensorlerin, seri, ani ve hassas tepkiler
verebilecek ozelliklerde olmasi gerektigi anlasilmistir. Robotlarin bu alanlarda, bir sisteme entegre vaziyette
caligmalar1 nedeniyle, buradaki sistemin de mutlaka EN ISO 13849-Béliim 1 ve 2 ve EN ISO 13855 gibi il-
gili glivenlik standartlarin1 karsilamasi gerekir. Sekil 35’de goriildiigi gibi, birden fazla operator ve robotun
calistig is birlik¢i ortamlarda, giivenlikle ilgili bilesenlerin uygun ortama gore secilmis ve hareketleri seri bir
sekilde izleyebilir olmalar1 gerekir.

™ \x: -
@'%# 7™
Vi

Sekil 35: Birden Fazla Tanimlamaya Thtiyac Duyulan Cok Katilimh Bir Is Birlik¢i Calisma Alan1 Senaryosu
(Khalid ve digerleri, 2016a)
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13. EKLER
EK 1: EN ISO 12100’e gore Robot Hiicresi I¢in Yapilan bir Risk Analizi:
EK 1 Excel Dosyasina ulasmak icin KARE KOD’u taratimz.

Robot Uygulamasi Risk Degerlendirme Raporu

Fabrika ;| ABC firmasi

Is istasyonunun bulundugu
bélim :

Uretim Alani

Makinenin/hattin ismi :| Montaj

Makine No| 23

Degerlendirme Tarihi:| 06/07/2020

Raporun Gegerlilik Tarihi | 05/07/2024

Operatdr sayisi ;| 1

Kontrol nokta sayisi ;| 1

1 haftada kac giin calisiliyor :| 5

Bu sorular sorulurken asagidakiler dikkate alinacaktir.

- Risk altinda olan kiginin, yas!, egitim dizeyi, cinsiyeti 1 gtinde kag saat caligihyor:| 8
- Bu kisilerin saghk gozetim kayitiar, engelli, gebe veya emziren almasi
- Igyerinin teftis sonuglan, is kazasi, olay ve ramak kala kayitlan

- Ortamn ve kisisel maruziyet diizeyi 6lgim sonuglari

- Acil durum planlari ve patlamadan korunma dokimani

- Varsa onceki Risk Degerlendirme raporlari

is istasyonunda yapilan operasyonun ve varsa modifikasyonun aciklamasi:

Bu dokiimanin hazirlanmasinda dikkate alinan direktif ve standartlar:

6331 sayili ISG Kanunu ve ilgili diger ulusal mevzuatlar

No Ekip tyeleri, destek elemani imza No Is Guivenligi Uzmani Belge No Imza
il 1

2 |

3 No Isyeri Hekimi Belge No imza
4 1

5

6 No Boéliim Yoneticileri v e
(Isveren veya isveren vekilleri)
7 1 Sef
No isyeri Calisan Temsilcileri imza 2 Miidiir
1 3 Direktor
15G- Risk Daerlendirma Yanatm aligi madda 6-1-b gerai BSH e |5 Tefis Mafattiari digmdaki fima ve kisiede paylagiimasi yasaktir,
|5 Bolomi 02827484411 - Form numara: V040 C Users Ofis-AnaPC Desktop All Orhan RO Ugan Kitap Rev. 14, docx iindakd Caligma Sayfas:
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Risk Degerlendirme Metodolojisi

HRN = LO X

FE

X DPH x NP

Olayin meydana gelme Tehlikeli bélgede bulunma Yaralanma siddet Tehlika. a.itmda kalan
olasihig siklign kisi sayisi
0.033 Neredeyse imkansiz 0.5 Yida1t 0.4  Gizime, siynima 1 1-2kisi
1 Gokzorolasiik 1 Aydat 0.5 kesime, yirtima 2 3Tkisi
15  Zorolasilk 1.5 Haftada 1 1 Kigik kemik kirimasi (parmak) 4  B15kisi
2 Olasi 25 Ginde 1 2 Biyik kemik kirimasi (e, kol, bacak) 8§  16-50Kisi
5  Muhtemelen 4  Saatte1 4 1veya 2 parmak kaybi 12 >S50k
i S El, kol, bacak kaybi, kismen géme
8  Momkin 5  Sirekli 8 veya isitme kaybi
4 : 2 el, kol, bacak kaybi, tamamen isitme
10  Yiiksek Ihtimalle 10 veya gorme kaybi
15  Kesin 12  Ciddi kalici hastalik
15  Olimeil
\* HRN - Tehlike orani degeri agiklamasi
Key | HRN Risk Agiklama
84 ihmal Ediebili Risk | MeVCUt durumda saiik ve givenigi tehilkeye atacak risk yok, flave emniyet
tedbiring ihtiyag yok
Meveut durumda sadhgi ve glvenlidi tehlikeye atan ok az risk var, ilave
25 Cok Diigiik Risk  |olarak kayda deder bir emniyet tedbirine gerek olmayabilir. Personel
koruma ekipmanlan kullanilabilir ve editimlere risk azaltilabilir.
s Az da olsa risk vardir. Emniyet tedbiri igin gerekli kontrol ekipmaniannin
ol DusdkRisk |\ ilanimasi onerimelidi.
i . Emniyet tedbirinin alimmasini gerektirecek seviyede risk vardir, IIk firsatta
1650 | Dikkate DegerRisk | \odbirer uyguianmalidi,
4 i Acil olarak emniyet tedbirerinin alinmasi gerekecek kadar potansiyel tehlike
L Vaksek RISk | v, Bu tedbirer aci olarak uygulanmal i
101-500 Gok Yiksek Risk ch ac!l glaral-: emniyet tedbirler alinmahdr. ligili yénetim birimleri haberdar
edimelidir.
Cok acil olarak emniyet tedbirlier alinmal, yetedi kontrol tedbirleri
501- Asin Yilksek Risk  |alimincaya kadar ekipmanlar kullanimamali, insanlar uzak tutulmali ve ilgili
yonetim birimlen haberdar edilmelidir.
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EK 2: HRC Uygulamasi

TUV Avusturya, insan robot is birligi icin biitiinlestirilmis bir emniyet ve giivenlik konseptinin gelistiril-
mesinde dikkate alinmasi gereken hususlar ve temel gereklilikleri belirtmek icin, JOANNEUM RESEAR-
CH ROBOTICS Enstitiisii ve Magna Steyr Fahrzeugtechnik ile birlikte yaptiklar1 ¢alismalari, teknik me-
kanizmalardan ve karmasik dl¢lim yontemlerinden ayr1 olarak bir rapor haline getirmis ve raporda belirtilen
basit yapici ve organizasyonel 6nlemlerin dahi insanlar ve robotlar arasindaki igbirligindeki riskleri azaltmaya
katkida bulunabilecegini belirtmistir.

Bu raporda, risk azaltmalarin baslangi¢ noktasinin, insan robot is birligi ile gerceklestirilen bir uygula-
madaki, belirsiz ve net olmayan noktalarin agikliga kavusturulmasini éneren EN ISO 12100°de 6nerilen risk
analizi olmasi gerektigi isaret edilmis ve HRC uygulamalarinda riskli olacag: diisliniilen hususlar birer birer
incelenmistir.

Uzerinde durulan iki farkli drnekte bir montaj islemi sirasinda risk azaltma ve risk analizi sirasinda {izerinde
durulmasi gereken temel hatlar anlatilmistir.

Kuka ve Universal Robot firmalari tarafindan {iretilen robotlarin kullanildigi bu iki ¢alismanin her ikisinde
de montaj islemi yapilmakta ancak Kuka robotta montaj1 yapilan parga 250 gr olmasina karsin UR robottaki
montaj1 yapilan par¢anin agirligi 4500 gr’1 bulmaktadir. Uygulamadaki par¢anin agirliginin artmasi diistiigii
veya robotla birlikte operatore vurdugu andaki tehlike bir dnceki 6rnege gore daha biiyiik olacagindan risk
analizi detaylarinda bu hususun da mutlaka g6z oniinde bulundurulmasi gerekir.

Calismada oncelikle, hedeflenen giivenlik konsepti olusturulmus (gii¢ ve uygulanan kuvvetin azaltilmasi/
denetlenmesi), robotun izleyecegi yol belirlenmis ve robotu ¢alismasi i¢in uygun kiskag¢ ve koruyucular ile
giivenilir kosullar (uyart isaretleri, 1s1kl1 sinyaller, robotla operator arsindaki glivenilir mesafenin ayarlanmasi,
robot iizerindeki keskin kose ve kenarlardan kaginma) hazirlanmistir.

Risk Analizi

Her iki 6rnekte robot kolu, kontrol sistemi, robot araci ve ¢aligma tezgahi veya depolama ve malzeme tasi-
ma tiniteleri gibi teknik bilesenler mevcuttur. Robotun birlikte ¢calisacagi makine veya tiretim hattinin 2006/42
/EC Makine Direktifi ve kombinasyonunun da EN ISO 10218-2"da isaret edilen HRC uygulamalarina uygun
olmalar1 gerekir. Dogal olarak robotun entegre edildigi iiniteyle birlikte bu sistemin ¢alistirilacag iilke yasa
ve yonetmeliklerine de uygun olmasi gerekir. EN ISO 12100 tavsiyelerine gore distribiitor firma tarafindan
yapilmasi gereken risk analizinin dort temel adimi1 asagidaki gibidir:

Makine Limitlerinin Belirlenmesi:

Makine sinirlart belirtilerek risk analizi incelemesinin kapsami tanimlanir. Bu 6rnekteki montaj islemi,
robotla operatoriin ayni is birlik¢i ortamda birlikte calistiklar bir ortamda gerceklestirilmektedir. Bu degerlen-
dirmeyi yaparken, mutlaka makinenin 6zellik ve performans degerleri yan1 sira, zamansal, mekansal kosullar
ile robotla birlikte calisacak operatoriin nitelikleri ile ilgili varsa sinir degerlerinin de belirtilmesi gerekir.
Mekansal sinirlar, makinenin hareket edebilecegi alanlar1 ve operator i¢in alan gereksinimini ve ayrica yukari
ve asagl makine ve istasyonlara ara ylzleri ifade eder. Gegici limitler 6rnegin makinenin hizmet émriinii ve
bakim araliklarii tanimlar. Ornekte kullanilan URS5 (Universal Robot) robotun kullanim émrii robot iiretici-
sinin Onerisine gore 35,000 saat olarak alinmistir.

Risklerin Belirlenmesi:

Makinenin kullanimindan dolay1 operatorti i¢in ortaya ¢ikan riskler, inceleme kapsaminda Seffaflik sagla-
nir saglanmaz tespit edilebilir. Bu caligmaya baslarken, firma i¢i veya dis1 uzmanlarin, isbirlik¢i ¢alisma uygu-
lamasina yatkinliklar1 ile yapilacak olan isin teknik ayrintilarinin da mutlaka incelenmesi yararli olacaktir. Bu
durumda tehlike altindaki kisiler sadece gercek makine operatorleri degil, ayn1 zamanda teknisyenler, temizlik
personeli veya liretim ortaminin harici ziyaretgileridir.
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Sekil 36: Bir HRC Uygulamasinin Hizmet Omrii Asamalar1 (TUV Austria, 2017)

Riskli bolgelerin belirlenmesi sirasinda robot istasyonu veya robotun entegre oldugu sistemden kaynakla-
nabilecek olas1 mekanik, elektrik ve ergonomik riskleri de hesaba katmak yararli olacaktir. Risk degerlendir-
mesi yaparken, sadece operatorlerin degil, tehlike altindaki kisiler sadece ger¢ek makine operatorleri degil,
ayni zamanda bakim teknisyenleri temizlik personeli veya iiretim ortaminin olas1 ziyaretgileri de risk altinda
olabileceklerini hesaba katmak gerekir. Bunun disinda ortamdan veya diger makinelerden gelebilecek cesitli
siddetteki giirtiltiintin HRC degerlendirmelerinde dikkate alinmasi gerekli degildir, ama yiiksek bir is mono-
tonlugu varsa degerlendirmede ele alinmasinda yarar vardir.
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Eklem 1 ve 2 veya alet arayiizi
~| arainda parmaklarin ezilmesi

Kaptaki futucu ve 1§ parcasi
arasinda ezilme

Robot ayagi ve taban eklemi
| arasmda ezilme

Isyeri kurulumu ve robot kolu
arasinda ezilme

2 | Calisma yiizeyi ve futucu 15
Tutucu ve ¢alisan arasinda pargasi arasinda ezilme

degisken darbe/etki

Sekil 37: Tanimlanmis Carpisma Riskleri (TUV Austria, 2017)

Geleneksel robotlar etrafi ¢itlerle ¢cevrilmis giivenli alanlarda ¢alistiklarindan, robotlarla operatdrlerin car-
pisma riski yok denecek kadar azdir, ancak is birlik¢i ortamlarda robotla is birligi yapan operatoriin ¢arpisma
olasilig1 yiiksektir. Sekil 35°te, 6rnek ¢aligmada giindeme gelebilecek olasi ¢arpigma noktalart verilmektedir.

Risk Analizi ve Risklerin Degerlendirilmesi:

Riskler belirlendikten sonra degerlendirilmeleri gerekir. Tanimlama asamasi, degerlendirmeyi yapan kisi-
lerin 6znel bir muhakemesine dayanirken, tanimlanmis parametreler riskleri 6l¢mek i¢in kullanilir ve bu ayni
zamanda siirecin nesnelestirilmesi anlamina gelir. Tanimlanan her risk dort kritere gore degerlendirilebilir:

S: Riskin baslangicinda hasarin derecesi/boyutu, F: Bir insanin riske maruz kalma siklig1 ve siiresi, W:
Bir riskin olusma olasiligi,

P: Riskin olusumunun farkina vararak hasarin 6nlenelebilirligi,

Her bir risk bu kriterlerin her birine gore degerlendirilir. Cesitli standartlar, bu amag i¢in farkli yontemler
ve Olgekler saglar, bu nedenle bunlarin karsilikli olarak uyumlu olmasi gerekmez. Grafiklerin temsili i¢in tek
bir kural gegerli olmayip, bu grafik degerlerinin olugsmasi i¢in agsagida belirtilen tanimlar kullanilmistir:

* S hasarinin kapsami, 0’dan (hasar yok) 4’e (geri dondiiriilemez hasar, viicut pargalarinin kaybi, 6liim) bir
bant araligina sahiptir,

» F (frekans) siklig1 1 (10 dakikadan daha kisa siireyle yilda birden az riske maruz kalma) ve 5 (saatte birden
fazla riske maruz kalma) arasindadir. Bu nedenle, bir HRC uygulamasinin siirekli ¢alismasi sirasinda bir
dizi risk i¢in en yiiksek frekans seviyesi 5 kabul edilmelidir,

* W meydana gelme olasilig1 i¢in degerler 1 (ihmal edilebilir) ile 5 (¢ok yiiksek) arasinda varsayilir.

* Hasarm oOnlenebilirligi P, 1 (riskin ortaya ¢ikmasinin ve kaginma olasiliginin taninmasi) ve 5 (tanima ve
kag¢inma imkansizdir) arasinda tanimlanir,

So6zde toplu degerler daha sonra bu bireysel degerlendirmelerden, yani risk sinifi ve risk dncelik numara-
styla hesaplanir.

Risk simifi: F+W+P
* (RPN) Risk oncelik numarasi= Risk sinifi x S

Bu c¢alismadaki amag, oncelik sinifi tanimlanan riskin makul ve kabul edilebilir degerlere indirgenerek
kabul edilebilir degerler altina ¢ekilmesi ve nihai dncelikler gore risk azaltict 6nlemler almaktir.

Risk Azaltma:

Kararlastirilan seviyenin iizerinde bir Risk Oncelik Siras1 (RPN) ile derecelendirilen tiim riskler uygun
onlemlerle azaltilmalidir. Yapici 6nlemler, makinenin temel tasarimini veya islevini degistiren yapisal modifi-
kasyonlarla ilgilidir. Teknik 6nlemler, teknik yapiya bagli olarak elde edilir. Bunlar, bir insan-robot-is birligine
iliskin ek glivenlik cihazlar1 veya sensdrler olabilir, ancak ayni zamanda robotun kontrol sistemi araciliiyla
¢ikt1 ve hiz sinirlamasi da olabilir.
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RPN’ye bagli olarak, kontrol teknolojisi 6nlemleri i¢in teknik dnlemin saat basina ariza olasiligini tanim-
layan belirli bir giivenilirlik derecesi varsayilir. Bu varsayilan giivenilirlik derecesi EN ISO 13849-1’e gore
Performans Seviyesi (PL) veya EN 61508 ve EN 62061’e gore Giivenlik Biitiinliik Seviyesi (SIL) olarak be-
lirtilmistir. 30’luk RPN’si ile 6rnek risk, riski en az PL = ¢’lik bir Performans Seviyesine ve / veya maksimum
saatte %0.0003 ariza olasiligina karsilik gelen SIL1 Giivenlik Biitiinliik Seviyesine diisiirmek i¢in teknik bir
onlemin kullanilmasini gerektirir. Bu 6nlemler uygulanirsa RPN 10°a diistirtiliir.

Probabiliy of Dangerous Failura SiL Probability of Dangarous Failure
par Hour PL (R_ﬂu-thﬁ“-‘_ﬁ ) per Hour
continvous mode of operation {High demand or
>10% and <10 a No correspondence continuous moda of aperation)
23x 10®%and <10°® b 1 210* and <10*
>10%and <3 x 10°¢ G 1 210* and <10*
10-7 and <10-8 d 2 2107 and <10*
=10*® and <107 8 3 z10% and <107

Sekil 38: PL ve SIL Arasindaki iliski (ISO 13849-1:2006’dan Alint1)

Mevcut 6rnekte, ek organizasyonel dnlemlerle bu deger 8’e kadar azaltilabilir. Eger bu o zaman kararlas-
tirilan maksimum degerin altindaysa, baska onlemler gerekli olmayacaktir. Riskleri azaltmanin ¢ok sayida
farkl1 yolu olup etkileri de ¢ok farklidir.

Insan-robot- is birliginin en belirgin dzelligi, insan ve robot arasindaki potansiyel ¢arpismada yatmaktadir.
Risk analiz ¢alismalari bu 6zel 6zellik gz 6niinde bulundurularak yapilmistir.

Risk Azaltma Onlemleri:
Biyomekanik Limitlerin Esaslari:

Bir risk analizinde insanlar ve robotlar arasindaki olasi ¢arpisma senaryolar: belirlendikten sonra, tehlike
noktasindan kac¢inildiktan sonraki en 6nemli risk azaltic1 6nlem, operator ve robot arasindaki ¢arpismalar i¢in
gecerli olan kuvvet ve basing sinirlarina uyularak, teknik bir 6nlem olarak kuvvetleri ve hizlar1 azaltmaktir.
ISO /TS 15066’ya gore, olasi temas durumlari iki kategoriye ayrilabilir: gegici ve yari statik temas. Bunlar,
oncelikle temas siiresi acisindan, ikinci olarak da etkilenen kisinin ¢arpigsmadan sonra kendini kurtarmasinin
miimkiin olup olmadig1 konusunda farklilik gosterir. Yar: statik temas 0,5 saniyeden daha uzun siirer ve in-
san robot ile robotun ¢evresi veya parcalari arasinda sikisip kalir. Bunun aksine, gegici temas maksimum 0,5
saniye siirer ve etkilenen kisi temastan sonra geri ¢ekilebilir veya yoldan ¢ekilebilir (bkz. Sekil 37- gecici ve
yari-statik)

Yari-Statik Carpisma Gecici Carpisma

Quasi-static ) ) )
impact then pressure/ clamping Transient (impact in free space)

Sekil 39: Yar1 Statik ve Gegici Carpigsma (Shea, R. Universal Robot Alinti:
https://www.gray.com/insights/creating-a-safety- culture-in-the-cobot-era-of-manufacturing/)

Yari-statik bir carpismanin siirlarmi tanimlamak igin, Is Giivenligi ve Saghgi Enstitiisii (IFA) ve Univer-
site of Mainz, 2014 yilinda 100 test kisisiyle bir calisma gerceklestirdi ve etkili kuvvet ve basincin bir fonksi-
yonu olarak, insanlarin agr1 esikleri deneysel olarak viicudun 29 belirli bolgesi i¢in belirledi.

Elde edilen sonuglar, rasgele dérneklem sayisinin diisiik olmasi nedeniyle herkesi esit sekilde temsil et-
meyecek olsa da (6rnegin, erkekler- kadinlar arasindaki farklilasma), belirlenen sinirlar Alman Sosyal Kaza
Sigortasi’nin (DGUV) bir bilgisinde ve teknik Sartname ISO / TS 15066: 2016 (E)’de yayimlanmistir.
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Bu calismaya iliskin, 6rnek bir alint1, Sekil 38°de grafiksel olarak gdsterilmektedir. EN ISO 10218-1/2:2012
standardini tamamlayan ISO / TS 15066: 2016, yari-statik temas i¢in agiklanan sinirlara ek olarak gegici temas
icin sinirlar da verir (bkz. Sekil 38). Yapici bir tahmin olarak gegici temas i¢in, yari-statik temastakinin iki kat1
yiiksek bir limit varsayilir.

Insanlarla robotlar arasinda olas1 bir carpisma sirasinda, viicudun etkilenen bélgeleri igin gecerli olan
sinirlarin, kuvvetin ve basincin her ikisi de ISO / TS 15066: 2016’ya gore asilamaz. Kiigiik carpisma alanlar
i¢in basing daha uygun olurken, etkili kuvvetler daha genis alanlar i¢in daha uygun olacaktir.
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Sekil 40: Yar1 Statik Temas i¢in ISO / TS 15066: 2016 Uyarinca Biyomekanik Limitler (ISO TS 15066 Alintr)
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Gosterilen 6rnek biyomekanik limitler, endiistride HRC uygulamalarini uygularken iyi bir yonlendirme
yardimecisidir olup bir referans olarak kullanilabilirler. Modern, isbirlik¢i robotlarin kontrol sistemlerinde kuv-
vet, ¢ikt1 ve hiz limitleri parametrelendirilebilse bile, genel uygulama baglaminda etkili kuvvetlerin ve bas-
kilarin gercek Ol¢timleri Sekil 37°de goriildiigii gibi tiim carpigsma durumlart i¢in yapilmalidir. Boylece limit
degerlere uygunluk kontrol edilmis olacaktir.
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Sekil 41: KDMG KOLROBOT Olgiim cihazi kullanim  Sekil 42: Carpisma yiizeyindeki kism1 basing dagilimi (alint1 IFA)

Ol¢iim Yontemleri ve Yardimcilar:

Bu 6l¢timleri gerceklestirmek i¢in, her biri farkli 6l¢timler ve amaglar i¢in uygun olan farkli yontemler ve
ekipmanlar mevcuttur.

Kuvvet-basing él¢ciim cihazi

En bilgilendirici 6l¢iim sonuglari, (DGUV/Deutsche Gesetzliche Unfallversicherung- German) Mesleki
Giivenlik ve Saglik Enstitiisii (IFA) tarafindan gelistirilen KDMG-KOLROBOT gibi birlesik kuvvet-basing
Ol¢ciim cihazlar tarafindan saglanmaktadir. Bu dl¢iim cihazi, biyofidelik bir alternatif olarak viicudun farkli
bolgelerini, her biri ilgili yay sertligine sahip gercekei bir sekilde simiile eder ve lokal ¢oziiniirliiklerinde ba-
sinct Olgebilir.

Kuvvet ve basing egrileri tek bir ¢arpisma testinde belirlenebilir. Kuvveti belirlemek i¢in 6l¢tim cihazinin
mahfazasina bir piezo yiik hiicresi yerlestirilir ve ¢carpisma yiizeyine bu kuvvetin uzamsal dagilimin1 6lgmek
icin bir sensor filmi yapistirilir ve boylece basing dagiliminin hesaplanmasina olanak saglanir. Farkli sensor-
lerden gelen veriler, analitik bir yazilim programinda toplanur.

Sekil 42, bir ¢arpigma sirasinda robotun uyguladigi maksimum kuvvetin, test edilen robotun kontrol sis-
temindeki kuvvet limitlerini (S) ve ivmeyi (a) kademeli olarak diislirerek nasil azaltilabilecegini ve boylece
HRC uygulamasinin biyomekanik sinirlara eslenmesini sagladigini gdstermektedir.

Kuvvet ve basinci bir zaman egrisi iizerinden gostererek, yiikiin siiresi belirlenebilir ve bdylece, hangi nok-
talarda yari statik veya gecici temas durumlari i¢in sinirin hesaba katilmasi gerektigine dair bir karar alinabilir.
Bazi robotlarin aktif ve pasif fonksiyonlari, kuvvetlerin ve basinglarin sadece kisa bir siire i¢in aktif oldugu
anlamina gelir.
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Sekil 43: Duyarlilig1 ve Gergek Carpisma Giiciiniin Ayarlanmasi,
Robot Modeli Evrensel Robot UR3 (TUV Austria, 2017)

Robotun kontrol sisteminde kuvvet limiti / duyarliliginin 140 ve 100 N olarak parametrelendirilmesine
ragmen, aslinda ii¢ ¢arpisma testinde de daha yiiksek tepe kuvvetlerine ulagildig1 goriilebilir.

Bu nedenle, robotun meydana gelen ¢arpismayi yalnizca 6nceden belirlenmis esige ulasildiginda algiladigi
ve durdurma tetiklenene kadar sdzde calismaya devam ederken kuvvet olusturmaya devam ettigi varsayila-
bilir. Bu da robotun giivenlik ayarlarindaki parametrelerin yalnizca biyofidelik 6l¢timlerle kontrol edilmesi
gereken proxy degerler oldugunu kanitlamaktadir. (D. Kirschner, A. Schlotzhauer, M. Brandstdtter: Validation
of Relevant Parameters of Sensitive Manipulators for Human-Robot Collaboration. To appear in Proceedings
of the 26th International Conference on Robotics in Alpe-Adria-Danube Region-2017)

insan Robot Isbirliginin Programlanmasi

Teknisyenler, robot kontrol sistemindeki biyomekanik siirlara uymak i¢in gii¢, ¢ikt1 ve hiz sinirlarinin
parametrelendirilmesi yoluyla insan-robot ig birligindeki tiim programlama siirecini yeniden diigiinmelidir.
Robot i¢in miimkiin olan en kisa yolculuklar ve yiiksek hizlarla dongii siirelerini en aza indirmek yerine,
program tasariminin kendisi, performans {izerinde ¢ok fazla olumsuz etki yaratmadan herhangi bir riskten
kacinmaya katkida bulunmalidir.

Asagidaki noktalar sadece baz1 olas1 6nlemlerdir;

- Potansiyel ezme ve bereleme yapabilecek noktalara geleneksel robotlarindakinden daha temkinli yakla-
stlmalidr,

- Kiskag yaylari, parmaklarin is parcasi ile kiskag arasina sikigmasini 6nlemek i¢in kendi kendini kavrama
yerinde olabildigince dar tasarlanmalidir,

- Kavrama sirasinda, dogru nesnenin yakalanip yakalanmadigini kontrol etmek i¢in kavrama yayilimina
gore kuvvet birikimi izlenmelidir,

- Ek carpigma risklerini 6nlemek i¢in yoriingeler ¢evredeki nesnelerden yeterli bir mesafede planlanmalidir,
- Birrota i¢indeki hiz egrisi, hareket yoniine ve engellerin ve kisilerin konumuna uyarlanmalidir,

- Robot, kesmeye neden olabilecek ¢arpigmalar1 6nlemek i¢in miimkiin olan her yerde diiz ylizeylere dik
aciyla yaklagmalidir.

HRC uygulamalarinin programlanmasi, geleneksel endiistriyel robotlara kiyasla yeni yaklasimlar gerekti-
rir ve programcilar i¢in yeni zorluklar yaratir. Personel egitimi sirasinda bu konular teker teker ele alinmalidir.
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Yapic1 ve orgiitsel giivenlik onlemleri:Teknik onlemlerin yam sira, her seyden once ¢arpisma kuvvet-
lerinin smirlandirilmasi, riskleri azaltmak icin yapici ve teknik dnlemler de HRC uygulamalarinin entegre
gilivenli tasariminda 6nemli bir rol oynamaktadir. Bir risk analizinin yapilandirilmis yaklasimi, yapici veya
orglitsel onlemlerle birlestirilebilecek riskleri de tanimlar. Bu risk azaltma 6nlemleri genellikle daha ucuzdur
ve uygulanmasi daha kolaydir.

Basit konstriiksiyonlar, potansiyel kesme ve kirma noktalarina erisimi zorlastirabilir veya hatta tamamen
engelleyebilir, boylece bunlarin karmasik teknik araglarla izlenmesine gerek kalmaz Teknik izleme miimkiin
degilse veya potansiyel ¢arpigsma noktalarinda etkili olan kuvvetler ve basinglar, 6rnegin sinirlt mekansal eri-
silebilirligi nedeniyle dl¢limlerle giivenilir bir sekilde belirlenemiyorsa, bu her durumda gereklidir.

Kavrayict uglar gibi kiigiik temas yiizeylerinin alanini genisletmek, ¢arpisma kuvvetlerini daha genis bir
alana dagitabilir ve dolayisiyla basinci azaltabilir. Robot muhafazasindaki yumusak zayiflaticilar, tepe kuvvet-
lerinin aktarimini azaltir. Robot gévdesi boyunca bir kanaldaki kablo hatlariin désenmesi, kablonun karigma-
s1 nedeniyle sisteme zarar verme veya yaralanma riskini biiylik 6l¢iide azaltabilir. En 1yi thtimalle, miimkiin
oldugunca harici bir kablo demetinden kaginilmali ve robot kolunun i¢inde ilerleyen kablo hatlarinin kullani-
m1 tercih edilmelidir.

Is Birlikci Cahsma Alam Ayrintilar:

Is birlik¢i robotlarin ¢alisma alanini uyari isaretleri ile belirlemek ve robotun ortak ¢alisma alani i¢indeki
hareket araliginin optik olarak isaretlenmesi uygun onlemlerdir. Bunlar olas1 risklere dikkat cekmeye yardimci
olur ve bir riskin baglangicini fark etme ve boylece herhangi bir hasar veya yaralanmadan kaginma sansini
artirir. Buna ek olarak, robotun ¢aligsmasi, bunun sonucunda sik sik giivenlik kapatmalariyla kesintiye ugramaz.
Isikli sinyal gibi durum gostergeleri, robotun ¢aligma durumunu gosterir ve siirpriz unsurlart onler.

SafeOperation 2.0

- Stepwise reduction in speed of robot Protection area SafetyEye
dapendant on distance of machina
operalor

machine
Working zone 2 with 40% speed

Working zone 3 with 60% speed |
| Warking zona_4 with B0% spead
i

Protection area SafeOperation —

Sekil 44: Is Birlik¢i Calisma Hiicresi (B.Mike., Kuka Roboticsty)

Ortak calisma alanindaki kontrol panelinin mantikli bir diizenlemesi, acil durdurma ekipmanina aninda
erisim ve ariza ve hata mesajlaria genel bakis saglar. Etkilenen iiretim alaninda artan ziyaretci trafigi varsa,
HRC uygulamasinin/uygulamalarinin isbirlik¢i alana erigim yetkili kisilerce sinirlandirilmalidir. Dogrudan is
birligi alan1 ve yapici tasarimi géz ontinde bulunduruldugunda, genellikle kiiciik alanlar yerine biiyiik ve kare
Sekiller yerine yuvarlatilmig alanlar tercih edilmelidir. Bir ¢arpigma durumunda, bu dnlemler, miimkiin olan
en biiyiik kuvvet sogurma alaninin yonlendirildigi ve boylece etkili enerji girisinin azaltildigi anlamina gelir.

Yalnizca manuel bir montaj ortaminda kullanilmasi planlanan bir cithazin geometrisi nedeniyle bir in-
san-robot-is birliginde kullanim i¢in tamamen uygun olmadigini agik¢a gdstermektedir. Bilesenin geometrisi
keskin kenarli konturlarla sonuglanir; bu, biiyiik olasilikla cihaz ve robot tizerindeki is pargasi arasinda bir elin
ezilmesi durumunda, el alan1 i¢in biyomekanik sinirlar1 6nemli 6l¢lide asan ¢arpigma basinglarina yol acar.
Bu basinglar tek basina kuvveti ve hiz1 sinirlandirarak yeterince azaltilamayacagindan, ekipmanin yeniden
tasarlanmasi gerekir.
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14. UYGULAMALAR

14.1. Endiistriyel Robot Kullanilan Makinelerde Risk Degerlendirmesi Yapilirken Dikkat Edilmesi
Gereken Uyumlastirilmis Standartlar ve Saha Uygulama Ornekleri

14.1.1. Uyumlastirilmis Standartlar ve Standart Tipleri

Endiistriyel robot uygulamalarinda risk degerlendirmesi yapilirken, sistemde kullanilmis olan acil dur-
durma butonu sayilarinin yeterli olup olmadigi, robot hiicresinin etrafini ¢eviren emniyet ¢itlerinin yerden
yuksekliginin uygun olup olmadigi, robot hiicrelerine erisimi saglayan kapilarin iizerinde kullanilan araki-
litleme tertibatlarinin uygun secilip se¢ilmedigi, robotlarin Kategori 3 PI d seviyesine gore dogru bir sekilde
baglantilarinin yapilip yapilmadiginin kontrol etmek i¢in uyumlagtirilmig standartlardan faydalanilmaktadir.

Uyumlastirilmis standartlarin makine risk degerlendirmesi uygulamalarinda neden énemli oldugunu anla-
mak i¢in ilk olarak makine emniyeti ile ilgili her konuda dogru sonuca ulasmak i¢in basucu kitab1 gérevi goren
2006/42/AT makine emniyeti yonetmeligi incelenmelidir.

Makine emniyeti yonetmeligi uyumlastirilmis standardr asagidaki sekilde tanimlar:

Uyumlastirilmis Standard: Komisyon tarafindan belirlenen islemlere uygun olarak, Avrupa Standardi-
zasyon Komitesi (CEN), Avrupa Elektroteknik Standardizasyon Komitesi (CENELEC) veya Avrupa Tele-
komiinikasyon Standardlar1 Enstitlisii (ETSI) gibi standardizasyon kurulusu tarafindan kabul edilen teknik
sartname

Makine emniyeti yonetmeliginde yer alan ve uyumlagtirilmis standartlart 6nemli konuma getiren madde
ise Ugiincii Boliim, 9. Madde’nin 2. Fikrasindaki asagidaki agiklamadir:

Uyumlastirilmis standarda uygun olarak imal edilmis olan bir makinanin, bu tip bir uyumlastirilmis stan-
dardin kapsadigi temel saglik ve giivenlik kurallarina uygun oldugu kabul edilir.

Bu madde ile birlikte makine emniyeti yonetmeligi, bu standartlara gore uygun imal edilmis bir makinenin
temel saghk giivenlik kurallarina uygun oldugunu kabul etmektedir.

Standart Tipleri

A, B ve C tipi olarak 3 farkli standart tipi bulunmaktadir.

Makine Emniyeti Standartlari

Sekil 45: Standart Tipleri
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A, B veya C tipi standartlar hakkinda bir bilgi vermek gerekirse;

* A tipi standartlar, tim makinelere uygulanabilecek temel kavramlar, tasarim ilkeleri ve genel hu-
suslar1 kapsayan temel emniyet standartlaridir. Bu standarda 6rnek olarak EN ISO 12100:2010- Makinelerde
Giivenlik- Risk degerlendirme ve risk azaltimi tasarimina yonelik temel konseptler ve gereksinimler standardi
ornek verilebilir.

EN ISO 12100 standard, tiniversitelerde miihendislik boliimlerinde ilk sinifta okutulan Miihendislige Gi-
ris Dersi olarak diisiliniilebilir. Genel olarak bir¢ok konu hakkinda bilgi verilir ve 6grencileri bu konularda
detayl1 bilgi edinmek i¢in diger derslere yonlendirir.

A tipi bir standart olan EN ISO 12100 standard1 da risk degerlendirmesi yapilirken konular 6zelinde risk
degerlendirmesi yapan kisiyi diger standartlara yonlendirir. Ornegin acil durdurma butonunun zeminden yiik-
sekliginin uygun olup olmadigini degerlendirirken bir B tipi standart olan EN ISO 13850:2015- Makinelerde
giivenlik- Acil durumlarda durdurma techizati- Tasarim prensipleri standardindaki bilgiler referans alinmali-
dir.

q | - = _p-::r

it

Sekil 46: Bir Robot Hiicresinin Giriginde Bulunan Acil Durdurma Butonu

» B Tipi standartlar, makinelerin genis bir yelpazesinde kullanilabilen korumanin emniyet hususlari
veya bir tiiriinii kapsayan genel emniyet standartlaridir.
B1 Tipi Standartlar, yiizey sicakliklari, emniyet mesafeleri, giiriiltii gibi belirli emniyet yonleriyle ilgilidir.

B1 tipi standarda 6rnek olarak EN ISO 13857:2008- Kol ve bacaklarin ulasabilecegi bolgelerde tehlikenin
onlenmesi igin giivenlik mesafeleri standard1 6rnek verilebilir.

Bu standart, risk azaltimi1 amacl robotlarin ¢alistig1 tehlikeli alana erisimi engellemek i¢in etrafina ¢ev-
rilen emniyet ¢itlerinin zeminden yiiksekligi, tehlikeli bolgeye olmasi gereken emniyet mesafesi uzakligi ve
emniyet ¢itlerinin lizerindeki agikliklarin boyutlari ile ilgili bilgiler igerir.

Asagida EN ISO 13857 standardi referans alinarak hazirlanmig bir gorsel bulunmaktadir:

a S !

Sekil 47: EN ISO 13857’¢ gore Koruyucu Yapilarin Uzerinden Erisim (Laurent Giraud, Ph. D., 2009)
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B2 Tipi Standartlar; ¢ift el tertibatlari, arakilitleme cihazlari, muhafazalarin tasarimi gibi konularla ilgi-
lidir.

B2 tipi standarda 6rnek olarak EN ISO 14120:2015- Makinalarda giivenlik- Mahfazalar- Sabit ve hareketli
mahfazalarin tasarimi ve yapimi i¢in genel gereklilikler standardr 6rnek verilebilir.

Bu standart, risk azaltimi amacl robotlarin ¢alistigi tehlikeli alana erisimi engellemek i¢in etrafina c¢evri-
len muhafaza tiplerinin tasarimlari ile ilgili bilgi vermektedir. Risk degerlendirmesi yaparken sabit muhafaza,
arakilitlemeli hareketli muhafaza ve genel olarak muhafaza tiplerinin uygun bir sekilde tasarlanip tasarlanma-
dig1 konusunda bu standart referans alinmaktadir.

Asagidaki gorselde bir robot hiicresinin etrafindaki sabit muhafazalar (sabit emniyet citleri), arakilitlemeli
hareketli muhafazalar (iizerinde kapinin agik oldugunu sinyali ile robot hiicresi icerisindeki tehlikeli hareket-
leri durduran kap1) gibi muhafaza 6rnekleri goriilebilmektedir.

Sekil 48: Bir Robot Hiicresinin Etrafindaki Muhafaza Ornekleri (GT Engineering., 2021)

* C Tipi standartlar, belirli bir makine veya makine grubu i¢in ayrintili emniyet gereksinimlerini ele
alan makine emniyet standartlaridir.

Standartlar hazirlanirken, ilgili komitelerde ayn1 zamanda sektdrdeki makine imalatgilar1 ve entegrator-
lerde bulunmaktadir. Sektordeki firmalarinda katildig1 bu ¢aligmalarda gegmiste ilgili makine tipi ile alakali
olumlii is kazalar1 ve ramak kala raporlar1 da incelenerek bu tarz durumlarla tekrardan karsilasilmamasi i¢in
uygun risk azaltimi1 6nlemleri onerilmektedir.

Bu standartlar genel olarak incelendiginde sektorde sik¢a kullanilan makine tipleri i¢in yazildiklar: goz-
lemlenmektedir. Ornegin; konvey®érler, hidrolik/eksantrik presler, enjeksiyon presleri gibi sektdrde sik¢a kul-
lanilan makineler belirli bir standarda gore emniyetli bir sekilde imal edilmesi i¢in C tipi standartlarin varlik-
lar1 ¢ok onlemlidir.

Bu standartlar incelendiginde, A ve B tipi standartlara atifta bulunuldugu gézlemlenebilir. Bu sayede 6rne-
gin bir robot hiicresinde risk degerlendirmesi yapacak olan kisi EN ISO 10218 serisindeki standartlar1 okudu-
gunda bir¢ok konuda tekrar tekrar B tipi standartlar1 agip incelemesine gerek kalmamaktadir.

C tipi standarda 6rnek olarak konumuz ile alakali olarak EN ISO 10218-2:2011 Robotlar ve robotik cihaz-
lar- Endiistriyel robotlar icin giivenlik gereksinimleri- Béliim 2 Robot Sistemleri ve Entegrasyonu standardi
ornek verilebilir.

Ornegin asagidaki gorselde bulunan robot hiicresine risk degerlendirmesi yapacak olan kisi,

Alan tarayici tarafindan baglatilan emniyet ile ilgili durdurma emniyet fonksiyonunun, EN ISO 13849-1’¢
gore hangi Kategori ve PL seviyesine ulagmasi gerektigini tespit etmek icin tekrardan EN ISO 13849-1 ince-
lemesine gerek kalmamaktadir.

Bunun i¢in EN ISO 10218-2:2011 Robotlar ve robotik cihazlar- Endiistriyel robotlar igin giivenlik gerek-
sinimleri- Boliim 2 Robot Sistemleri ve Entegrasyonu standardi EN ISO 13849-1 standardina atifta bulunarak
“Kontrol sistemlerinin emniyet ile ilgili kistmlarinin Kategori 3 PL d” seviyesine ulasmasi gerektigini sdyle-
mektedir.
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Sekil 49: Bir Robot Hiicresinin Girisinde Kullanilan Emniyet Alan Tarayicisi

14.1.2. EN1SO 12100:2010- Makinelerde Giivenlik - Risk Degerlendirme ve Risk Azaltimi Tasarimina
Yonelik Temel Konseptler ve Gereksinimler Standardi

Risk degerlendirmesi yapilirken basucu kitabi olarak yararlanilmasi gereken kaynaklarin baginda bu stan-
dart gelmektedir. Bu standart ile ilgili onceki sayfalarda detayli bilgi paylasilmis bulunmaktadir. Paylagilan
bilgilere ek olarak EN ISO 12100 standardina pratik bir rehber olarak ISO/TR 14121-2:2012 teknik raporu
bulunmaktadir.

Risk degerlendirmesi yapacak olan kigilerin mutlaka sahip olmasi gereken bu teknik raporu ISO resmi web
sitesinde su sekilde tanimlamaktadir:

ISO/TR 14121-2:2012, ISO 12100°e uygun olarak makineler icin risk degerlendirmesi yapilmasi konu-
sunda pratik rehberlik saglar ve siiregteki her adim igin ¢esitli yontem ve araglart agiklar. Riski azaltmak i¢in
kullanilabilecek farkli onlemlere ornekler verir ve karmasiklik ve zarar potansiyeli acisindan ¢ok ¢esitli maki-
nelerde risk degerlendirmesi i¢cin kullaniimasi ama¢lanmistiv. Hedef kullanicilari, makinelerin tasarimi, kuru-
lumu veya modifikasyonu ile ilgilenen kisilerdir (6rnegin, tasarimcilar, teknisyenler veya giivenlik uzmanlar).

Risk degerlendirmesindeki kritik 6nem tasiyan en 6nemli unsur, robot hiicresinin kullanmasi1 beklenen
veya etkilesimde bulunma ihtimali olan kisiler ile konusmak ve bu kisilerin robot hiicresi ile etkilesimde bu-
lundugu caligmalari iyice anlamaktir.

Operatorler ile konusulurken robot hiicresi ile ¢alistig bir giin icerisinde hangi gorevleri yerine getirdigi,
hangi islemleri gergeklestirdigi sorulmalidir. Operator robot hiicresi ile calisma seklini aciklarken risk deger-
lendirmesi yapan kisi dikkatli bir sekilde operatorii dinlemeli ve yaptigi islerde risk olusturabilecek noktalar
not almalidir.

Insan psikolojisi gdze alindiginda, tanimadig1 kisiler tarafindan yaptig1 isler ile ilgili sorular sorulmasi
makine kullanicilar1 tarafindan endise verici bir durum yaratabilir. Bu sebeple mutlaka ve mutlaka risk
degerlendirmesi i¢in makine kullanicilart ile konusmadan once, risk degerlendirmesi gergeklestirecek olan
kisi kendini tanitmali, orada hangi amacla bulundugunu kars1 tarafa iyi aktarmalidir. Makine kullanicilari,
risk degerlendirmesi yapacak olan kisiye, onlardan aldig1 bilgileri onlar1 zor duruma sokacak bir ¢alisma
icin kullanmayacaklar1 hakkinda giivenmelidirler. Risk degerlendirmesinin, onlarin daha emniyetli ve daha
verimli bir sisteme sahip olmalari i¢gin gerceklestirildigi konusunda ikna olmalidirlar.

Ayni sekilde bakim personeli, hattin temizligini gerceklestiren kisilerle de robot hiicresi ile etkilesimde
bulunduklar1 noktalar hakkinda konusulmalidir.

Bakim personelleri, hatali makine/robot hiicresi tasarimindan kaynakli olarak, enerji altinda ¢alisma ihti-
yac1 duyabilmektedirler. Bakim operatorlerine robot hiicresinde hangi arizalar meydana geldigini ve ne kadar
siklikla miidahalede bulunduklarini sorarak karsilasabilecekleri riskler ile ilgili bilgi edinilebilir.
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Risk degerlendirmesi islemi her ne kadar teknik bilgiye dayali bir ¢alisma olarak goriilse de iletisim bece-
rilerinin de biiyiik rol oynadig1 bir calismadir. Makine kullanicilari ile kurulacak olan iletisim ne kadar etkili
olursa risk degerlendirmesinin sonucu da o kadar basarili olacaktir.

14.1.3. EN ISO 13850:2015- Makinelerde Giivenlik- Acil Durumlarda Durdurma Techizati - Tasarim
Prensipleri

Bu standarda acil durdurmanin tanimi ile baglamak dogru olacaktir. Saha tecriibelerine gore operatorlerin
makine/robotlar1 normal durdurma amaciyla acil durdurma butonlarini kullanarak durdurdugu gozlemlen-
mektedir. Bu gibi konularin oniine ge¢mek i¢in acil durdurmanin tam olarak ne anlama geldigi dogru bir
sekilde anlasilmalidir.

Acil Durdurma (Emergency Stop):

Insanlarin diistiikleri tehlikeleri, makineyi veya devam etmekte olan isin basina gelecek zarari azaltmak
veya ortaya ¢ikmasini engellemek i¢in kullanilan bir fonksiyondur.

Sk S0

LN

STOP
Power Off : "&? .
..-_M

Reduce

Sekil 50: Acil Durdurma ve Koruyucu Durdurma (Josep Plassa., 2025)

Tanimdan da anlagilacagi {izere bu fonksiyon sadece acil durumlarda kullanilmalidir. Makine imalatgilart
acil durdurma ve normal durdurma komutlar1 geldiginde tasarladiklari sistemlerinin durusunu farkl bir sekil-
de tasarlayabilirler.

Ornegin Endiistriyel Robotlardan bahsedilecek olursak, robot kontrolciilerinin elektrik devre semalarina
bakildiginda iki tip durdurma i¢in baglant1 6rneklerinin mevcut oldugu gézlemlenmektedir.

Genel olarak EMG input ve FENCE input olarak iki tip terminali olan robot, hangi terminalden durdurul-
duguna gore daha farkli bir sekilde durus performansi gostermektedir.

Ornegin EMG “input”a bagl acil durdurma butonu basildiginda, robot iizerindeki eksenler kendini robot
imalat¢isinin tasarladigi sekilde daha hizli bir sekilde durdurur. Fakat endiistriyel robot imalatcilar1 bu hizlh
durusu tasarlarken robotun stirekli acil durdurma fonksiyonu ile durdurulmayacagini dngorerek robotlarin
tasarlamaktadirlar. Robotu siirekli acil durdurma ile durdurmak, binilen binek otomobillerin siirekli el freni
ile durdurulmasi ile esdegerdir ve robota zarar verir. Risk degerlendirmesi sirasinda operatdriin kullanimi igin
saglanmis normal durdurma tertibatinin saglandigi kontrol edilmelidir.
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Acil durdurma ekipmanlarina asagidaki ornekler verilebilir:

* Avug i¢i ile rahatca aktif edilebilecek butonlar

Sekil 51: Bir Acil Durdurma Butonu Ornegi (Omron Electronics)

«  Tel/Halat/Ipli Acil durdurma Tertibatlar:

Sekil 52: Halatli Acil Durdurma Tertibat: Ornegi

* Acil Durdurma Cubuklar

Sekil 53: Acil Durdurma Cubugu
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*Asagidaki acil durdurma butonlar1 yanlislikla makinenin durdurulmasinin biiytik iiretim kayiplari yasa-
nacag1 uygulamalarda kullanilmaktadir. Fakat EN ISO 13850 standardi, zorunda kalmadik¢a bu butonlarin
kullanilmamasini tavsiye etmektedir.

Acil durdurma butonu, gercekten acil bir durumda panik i¢indeki operatdriin hizlica el agiklig ile basa-
bilecegi bir buton olmalidir. Asagidaki kullanim el agikligi ile rahat¢a butona basilmasini engellemekte olup,
acil bir durumda butona daha ge¢ basilarak mevcut tehlikenin daha geg¢ bir sekilde durdurulmasina sebep
vermektedir.

SEKIL 54: Etrafi Korumali Tipte Acil Durdurma Butonu SEKIL 55: Gomiilii Yiizeye Sahip Acil Durdurma Butonu

Sekil 56: Gomiilii Yiizey Acil Durdurma Butonu Ornegi

¢ Acil durdurma cihazinin aktiiatoric KIRMIZI arka zemini ise SARI olmalidir.

Sekil 57: Acil Durdurma Butonu
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* Acil durdurma serbest birakildiginda sistem manuel olarak resetlenmelidir. Bu islem i¢in ayr1 bir re-
set butonu saglanmali ve reset butonuna basilmasi sistemi ¢alistirmamalidir.

Sekil 58: Manuel Reset Ornegi

* EN 60204-1- Makinalarin elektrik donanimi - Boliim 1: Genel Kurallar standardina gore reset buto-
nu rengi asagidaki renklerden birisi olarak segilmelidir.

IEC / EN 60204-1' de Tavsiye Edilen Reset Butonu Renkleri
BEYAZ

Sekil 59: Manuel Reset Buton Renk Tavsiyesi

* ENISO 13850 standardina gore acil durdurma butonunun zeminden yiiksekligi 0,6 metre ile 1,7 met-
re arasinda olmalidir.

¢1,7m

v0,6m

Sekil 60: Acil Durdurma Tertibati Tavsiye Edilen Zeminden Yiikseklik (Erhan Eskicumali., 2021)

* Risk degerlendirmesi ¢alismasi yapan kisi, bir metre araciligi robot hiicresi iizerinde bulunan acil
durdurma butonlarinin zeminden yiiksekliklerini 6lgmelidir. Acil durdurma tertibatinin zeminden yiiksekli-
ginin bu 6l¢ii araliginda olmasinin sebebi, operatoriin, acil bir durumda rahatlikla acil durdurma butonuna
kolayca erigsebilmesinin saglanmasi igindir.
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Sekil 61: Acil Durdurma Zeminden Yiikseklik Dogrulama Ornegi

* Robot hiicrelerinde risk degerlendirmesi yapilirken dikkat edilmesi gereken bir diger konu ise yeterli acil
durdurma tertibatinin mevcut olup olmadigidir. EN ISO 10218 standardinda 6zel olarak belirtilmis bir
say1 bulunmamaktadir.

EN ISO 13850:2015- Makinelerde giivenlik- Acil durumlarda durdurma teghizati- Tasarum prensipleri
standardina gore acil durdurma tertibatlari:

 Biitiin operator kumanda istasyonlarinda

* Robot hiicresi giris ve ¢ikis lokasyonlarina

* Makineye miidahale edilecek yerlerde

« Insan ve makine etkilesimi beklenen her yere yerlestirilmelidir.

Bu sebeple operatdr, bakim personeli, temizlik gorevlisi ile onlarin ¢caligsmalari iizerine konusmak 6nemli-
dir. Risk degerlendirmesi yapilirken makine kullanicilarindan alinan bilgilere gore, yukaridaki bilgiler dikkate
alinarak, ilgili robot hiicresinde yeterli acil durdurma tertibati olup olmadig1 hakkinda yorum yapilabilir. Ali-
nan bilgilere gore yeterli olmadig1 diistiniiliirse risk azaltimi tavsiyesi olarak yukaridaki bilgiler ile birlikte acil
durdurma tertibati eklenmesi tavsiyelerinde bulunulmalidir.

* Acil durdurma butonu kolayca teshis edilebilir bir sekilde konumlandirilmalidir, 6rnegin asagidaki gor-
seldeki robot hiicresinin igerisinde konumlandirilan acil durdurma butonu, etrafindaki kaynak perdesin-
den dolay1 kolayca teshis edilememektedir.

Sekil 62: Yanlis Acil Durdurma Butonu Uygulamasi
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14.1.4. EN ISO 13857- Kol ve Bacaklarin Ulasabilecegi Bolgelerde Tehlikenin Onlenmesi icin
Giivenlik Mesafeleri

* Bu standarda acil durdurmanin tanimi ile baglamak dogru olacaktir. Saha tecriibelerine gore operatorlerin
makine/robotlart normal durdurma amaciyla acil durdurma butonlarini kullanarak durdurdugu gézlemlen-
mektedir. Bu gibi konularin 6ntine gegmek i¢in acil durdurmanin tam olarak ne anlama geldigi dogru bir
sekilde anlasilmalidir. Bu standart, tehlike alanlarini iist uzuvlardan uzak tutmak icin tespit edilen uygun
emniyet mesafelerini belirlemek i¢in kullanilir.

» Standartta ayrintilariyla agiklanan mesafeler, ek yardim almadan ve farkli erisim durumlari i¢in belirlenen
kosullar kapsaminda tehlike bolgelerine ulagsmaya c¢alisan kisilere odaklanir.
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Sekil 63: Uygunsuz Emniyet Citi Tasarimi

L Y
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Sekil 64: EN ISO 13857’e gore Koruyucu Yapilarin Uzerinden Erisim (Laurent Giraud, Ph. D., 2009)
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Ornegin asagidaki robot hiicresinin iistten goriiniis ciziminde gdziiken “safeguard distance” yani icerideki
robotun erigebilecegi azami mesafe ile emniyet ¢iti arasinda kalan mesafe 350 mm olsun.

Robotun “gripper” veya “end effector” olarak gegen en u¢ kisminin ise robot ¢alisirken azami 2000mm’ye
ciktig1 bilgisinin teknik ekip tarafindan paylasildigini varsayalim.

Risk degerlendirmesi ¢alismas1 yapilirken, calismay1 yapan kisinin metre ile emniyet ¢itinin yiiksekligini
1800mm olarak ol¢tiigiinii varsayalim.

Safety Fence

HHHHHH Maxiumnuim space

— -

For controller (operator’s panel)
and
mode select switch

Teach pendant

Safety gate

Safeguard distanc

Sekil 65: Bir Robot Hiicresi ve Emniyet Citinin Emniyet Mesafesi Ornegi (FANUC, Safety Manual)

Biitiin bu bilgiler ile birlikte emniyet ¢itinin zeminden yiiksekliginin uygun olup olmadig1 agsagidaki tab-
loya bakilarak dogrulanabilir.

Ul b o Tehlike alanina olan yatay mesafe C (mm)

€l a (mm)

2500 0 0 o] 0 o] 0 0 0 0
2400 100 100 100 100 100 100 100 100 0
2200 600 600 500 500 400 350 250 0 0
2000 1100 300 700 600 500 350 0 0 0
1800 e T o8 et 500 0 0 0 0
1600 1300 1000 900 900 $s00 0 0 0 0
1400 1300 1000 900 800 100 0 0 ] 0
1200 1400 1000 900 500 o] 0 ] 0 0
1000 1400 1000 900 300 0 0 0 0 0
800 1300 900 600 4] ] 0 0 ] 0
600 1200 500 0 0 0 0 0 0 0
400 1200 200 0 0 0 0 0 0 0
200 1100 200 o] 0 o] 0 0 ] 0
0 1100 200 0 0 o 0 0 0 0

Ayirier koruma tertibatlaninin yiiksekligi b (mm)
1000 1200 1400 1600 00 2000 2200 2400 2500

Sekil 66: EN ISO 13857 Tablo 1 (SICK, Giivenli Makina Kilavuzu, 2015)

Tablodan ¢ikan sonuca gore sahadan alinan bilgilere gore emniyet ¢iti ile robot ¢alisma alani arasindaki
mesafe asgari 600mm olmalidir. Risk azaltimi1 amagli kullanilan emniyet ¢itinin yiiksekligi EN ISO 13857’ye
uygun degildir.
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Bu durumda risk azaltimi1 amagl emniyet ¢itinin yiiksekliginin arttirilmasi veya emniyet ¢itinin 350mm
mesafeden 600mm mesafeye ¢ekilmesi tavsiye edilebilir.

EN ISO 13857 standard1 ayrica emniyet citlerinin {izerindeki veya tehlikeli bolgeye erisimi engelleyen
herhangi bir muhafazanin tizerindeki agikliklarin boyutlar ile ilgili de tavsiyelerde bulunmaktadir.

Sekil 67: EN ISO 13857 Acikliklar Ornek Gérseli (Laurent Giraud, Ph. D., 2009)

Ornegin asagidaki uygulamada emniyet ¢itinin arkasinda parmak sikisma olan tehlikeli bdlgeye olan
uzakligin 180mm oldugunu varsayalim. Bu uzaklik risk degerlendirmesi ¢alismasi yapilirken, ¢aligmayi
yapan kisi tarafindan bir metre araciligi ile rahatca ol¢iilebilir.

Sekil 68: Tehlikeli Bolgeye Aciklik Uzerinden Erisim Ornegi
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Tehlikeli ilk sikisma bolgesine uzakligin yaninda agikligin sekli ve dl¢iisti de dnemlidir. EN ISO 13857°e
ait agagidaki tablo incelendiginde 3 adet agiklik tipinden bahsedilmektedir. Yarik, Kare, Daire tipinde 3 agiklik
bulunmaktadir. Yukaridaki gorseldeki agiklik Kare tipinde olup, agikligin ise 25mm oldugu varsayilirsa;

Viicut uzvu Agtklik e (mm) Emniyet mesafesi (mm)
Yarik Kare Daire
o esd 2 2 22
Parmak ucu
4<esb 210 5 z5
of 6<es8 220 215 =5
8<es10 z80 z25 20
El ayasina kadar
parmak 5 10<es12 2100 280 280
12<e520 2120 2120 2120
20<es30 =530 2120 2120
- 30<es40 2850 2200 120
Omuz eklemine kadar
kol
40<es 120 2850 2850 2 850

Sekil 69: EN ISO 13857 A¢iklik Hesaplama Tablosu (SICK, Giivenli Makina Kilavuzu, 2015)

Mevcut emniyet mesafesi 180mm oldugundan dolay1 yukaridaki sartlar1 saglamaktadir.

Robot hiicrelerinin etrafini ¢eviren sabit bir muhafaza olan emniyet ¢itlerinin en alt agikliginin ise azami
180mm olmasi gerekmektedir. Bu sekilde yetkisiz bir sekilde emniyet citlerinin altindan tehlikeli bolgeye
erisim engellenmis olacaktir.

Safety distance «sd» (mm)

Part of lower limb IHlustration Opening (mm) St | Squareor
round
Toe tip e<h 0 0
5<e<15 210 0
Toe
15<e<35 =80 225
35<e<60 =180 =80
Foot
60<e<80 2650 z 180

Leg (toe tip to knee) 80<e<95 = 1100 = 650

95<e<180 21100 21100
Leg (toe tip to crotch)

not

180<e<240 | ypicsinte

21100

Attention: Slot openings with “e” > 180 mm or
square or round openings with “e" > 240 mm
allow access for the whole body.

These dimensions are not permitted.

Whole body

Sekil 70: EN ISO 13857 Alt Aciklik Olgii Tablosu (Laurent Giraud, Ph. D., 2009)
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14.1.5. EN ISO 13855:2010 Makinelerde Giivenlik- Viicut Kisimlarmin Yaklasim Hizina Gore
Koruyucu Techizatin Yerlestirilmesi

* Endistriyel robot hiicrelerinde risk degerlendirmesi gerceklestirilirken elektronik hassasiyetli koruyucu
tertibatlar ve basinca duyarli koruyucu tertibatlarla sikca karsilasilacaktir.

* Buuluslararasi standart insan viicudunun kisimlarinin yaklasim hizina gére koruyu techizatin yerlestirile-
cegi konumu belirler.

+ Insan viicudunun kisimlarinin yaklasim hizini temel alan degiskenleri belirler ve algilama alam veya
koruyucu techizat1 ¢alistiran cihazlarla tehlikeli bolge arasindaki asgari mesafeyi belirleme yontemini
saglar.

* Kosma, ziplama, diigme gibi yaklagim hizlar1 kapsam disindadr.

Elektronik hassasiyetli koruyucu tertibatlar (ESPE), makineye miidahale sikliginin fazla oldugu ve bu
sebeple tiretimde verimliligin arttirtlmasi i¢in sabit veya hareketli muhafazalarin yerine kullanilan emniyet
ekipmanlaridir.

Isik bariyerleri elektronik hassasiyetli koruyucu bir tertibattir. Alic1 ve verici olarak karsilikli birbirlerine
kizil6tesi 151n gonderen, bu 1s1nlardan herhangi birinin ihlal edilmesi durumunda ise sinyal vererek makinele-
rin durmasini saglayan emniyet ekipmanlaridir.

Sekil 71: Parmak Koruma Isik Perdesi Ornegi Sekil 72: El Koruma Isik Perdesi_.(")rnegi
(Omron Electronics, F3SG-4R Uriin Gorseli) (Omron Electronics, F3SG-4R Uriin Gorseli)

Sekil 73: Isik Perdesi Tarafindan Tehlikeli Bolgeye Erisimi Korunan
Robot Kaynak Hiicresi (Fabricating Metal Working., 2013)

e Alan tarayicilar da elektronik hassasiyetli koruyucu bir tertibattir.
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Belirlenen alanlar tarayarak kisilerin varliklarini algilayan koruyucu emniyet tertibatlaridir.

Gonderdigi kizil6tesi lazer 1s1nlarin bir engele (cisim veya insan) ¢arparak geri donmesi durumunda sinyal
vererek makinelerin durmasini saglarlar.

Sekil 74: Alan Tarayic1 Tarafindan Tehlikeli Bolgeye Erisimi Korunan Robot Kaynak Hiicresi
(Fabricating Metal Working., 2013)

LIl
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e

Sekil 75: Alan Tarayici Tarafindan Tehlikeli Bolgeye Erisimi Korunan
Robot Kaynak Hiicresi (Dacelsolutions., 2019)

EN ISO 13855 standard1 yukaridaki elektronik hassasiyetli koruyucu tertibatlarin konumlandirilmalari
ile ilgili detayl1 bilgiler vermektedir. Risk degerlendirmesi yapilirken karsilasilan 11k perdelerinin asagidaki
gorselde goziiktiigii gibi en alt 1s1nlarmin yiiksekligi zeminden asgari 300mm yiikseklikte olmalidir.

] ™ i 1

P ! B
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300 900
mm mm

Sekil 76: EN ISO 13855 Tavsiyesi Olarak En Alt ve En Ust Isinin Olmasi Gereken Yiikseklikler
(Erhan Eskicumali, 2021)
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Sekil 77: Uygunsuz Isik Perdesi Konumu Ornegi (Erhan Eskicumali, 2021)

Eger ortamda c¢ocuklarin olma ihtimali olan bir uygulama varsa en alt 15 ytiksekligi 300mm yerine
200mm olarak tercih edilmelidir. Isik bariyerlerinin en alt 1s1nlarinin 300mm den ytiiksek olmasi, 151k bariye-
rinin altindan emekleyerek tehlikeli bolgeye birisinin girme riskini dogurmaktadir. Bu sebeple risk degerlen-
dirmesi yapilirken bu konuya dikkat edilmelidir.

Ayni Olcii agsagida goriilecegi lizere alan tarayicilar icinde gegerlidir.

Sekil 79: Zeminden Yiiksekligi Uygun Alan Tarayici Uygulamasi
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Isik bariyerlerinin robotun tehlikeli hareketine olan emniyet mesafesinin dogrulugu makine durus stiresi
Ol¢iimii ile dogrulamak miimkiindiir. Risk degerlendirmesi gerceklestirirken, imalatgidan makine durus stiresi

ol¢limii mutlaka talep edilmelidir.

1. Hazardous point

3. Reference plane

S. Safety distance

Hra. Height of the highest beam
Hrb. Height of the lower beam

Sekil 80: Isik Bariyeri ile Robot’un Erisebilecegi Azami Alan Arasindaki Emniyet Mesafesi (REER Safety)

Makine durus siiresi 6l¢limiiniin temel mantig1, elektronik hassasiyetli koruyucu tertibat ihlal edildiginde
robotun tehlikeli hareketinin kag¢ saniyede igerisinde duracaginin 6l¢iilmesidir. Bu dl¢lim sonucuna gore em-
niyet mesafesi asagidaki formiile gore hesaplanir.

ISO 13855 Emniyet Mesafesi Hesaplama

- S=Kx(t1+t2)+C

- K =Insan viicudu veya viicudunun kisimlarinin 6n gériilen yaklasim hizi

« Eger emniyet mesafesi < 500mm ise ,K=2000mm/s (upper limb)

- Eger emniyet mesafesi > 500mm ise ,K=1600mm/s (yiirime hizi)
+ T = Toplam Durus Siiresi (t1 +t2)

» t1 : Koruyucu tertibatin tepki siiresi

= t2 : Makinenin durus siiresi ( ataleti ile donmeye devam eden kisimlar)
- C = ihlal mesafesi (6rn. viicudun bazi kisimlan 1sik perdesini ihlal etmeden

hareket edebilir)

= Crt: Tehlikeli bélgeye direkt ulasildigindaki ihlal mesafesi

Sekil 81: EN ISO 13855’¢ Gore Emniyet Mesafesi Hesaplama Formiilii

Burada o6l¢iimdeki ilave mesafe olarak gecen C degiskeni, 6rnegin 151k perdesi i¢in emniyet mesafesi he-
saplaniyorsa, 151k perdesinin ¢oziiniirliigiine gére degismektedir.
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Isik perdeleri asagida goziiktiigii lizere parmak koruma veya el koruma seklinde modelleri bulunmaktadir.

Resolution of the Safety Device cCrt=8x(d-14)

Resolution

d=14mm d =40 mm « Crt=8x(14-14)
Additional distance fpenetration d¢pth factor):

C=0mm C =128 mm C =208 mm

With d > 40 mm calculate w ull arm length C = 850 mm o Crt=0mm

- Crt=8x(30-14)

) lm —

s Crt=128 mm

Sekil 82: Isik Perdesinin Coziiniirliigiine Gore flave Mesafe Parametresi Hesaplama (HHB, 2014)

Makinenin durus siiresi teorik olarak ongoriilebilir olsa da kalibrasyonu yapilmis cihazlar ile birlikte, bu
konuda uzman kuruluslar tarafindan 6l¢iilmeli ve elektronik hassasiyetli koruyucu tertibatlarin konumunun
dogrulugu raporlanmalidir.

Risk degerlendirmesi gergeklestirirken bu raporun varligr mutlaka sorgulanmalidir.

14.1.6. EN 60204-1:2006- Makinalarin Elektrik Donanimi - Boliim 1: Genel Kurallar

Risk degerlendirmesi gerceklestirirken her makine ve robot hiicresinde dikkat edilmesi gereken konular-
dan biriside elektriksel giivenlik konusudur.

Risk degerlendirmesi gergeklestirirken sorgulanacak ilk konulardan birisi ilgili robot hiicresine ait LVD —
Algak Gerilim Yonetmeligi’ne gore elektriksel giivenlik test raporunun olup olmadigidir.

Toprak siirekliligi, yliksek voltaj testi ve izolasyon gerilim direncinin 6l¢iildiigii bu elektriksel giivenlik
testlerinde operatorlerin robot hiicrelerini elektriksel giivenlik agisindan risk yaratmayacak bir sekilde kulla-
nabilecegi garanti altina alinmis olur.

Risk degerlendirmesi ¢caligmasinda elektrik panosunu acarak EN 60204-1" in talep ettigi asagidaki madde-
leri kontrol edebilirsiniz.

+ IEC EN 60204-1’e gore iletkenlerin, kablo rengi, numara veya abecesayisal (alphanumeric) veya bunla-
rin kombinasyonu ile teshis edilmesi tavsiye edilmektedir.

Kablo renkleri i¢in asagidaki renklerin tercih edilmesi tavsiye edilmektedir:

AC/DC gii¢ devreleri

AC kumanda devreleri

DC kumanda devreleri

PE

JHELIE
§

Sekil 83: EN 60204-1 de Tavsiye Edilen Kablo Renkleri
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* Makinelerin enerjisini kesmek i¢in kullanilan ana salterleri kolay erisilebilecek bir yere monte edilmeli-

dir. Onerilen montaj yiiksekligi 60cm — 170cm arasindadir.

Sekil 84: Ana Salter

* Enerjili kisimlar an az IP 2X veya IPXXB seviyesinde kapamalarla koruma altina alinmalidir.

1. Basamak
Derece Sembol Koruma Aciklama
Kullanianin tehlikeli bolgelere
0 ’ Korumasiz. ulasmasini ve yabana kati cisimlerin
cihazin icine girisini engeller.
1 @ Capt 2 50 mm olan kat Capt 50 mm’den boyuk cisimler
@ cisimlere kars: koruma. cihazin icine temas edemez.
) CH Capt 2 12,5 mm olan kati Capt 12,5 mm'den bayuk cisimler
: cisimlere kars: koruma. cihazin icine temas edemez.
3 J Capi 2 2,5 mm olan kat Capt 2,5 mm‘den bayuk cisimler
— ’ [ asimlere karsi koruma. cthazin icine temas edemez.
4 _ Capt 2 1 mm olan kati Capt 1 mm’'den buyak cisimler
= ’ asimlere karsi koruma. cihazin igine temas edemez.
Toz girisi tamamen engellenemez
. ’ ; Vi M ol fakat koruma derecesi tozun drine
225 3 " zarar vermesini engelleyecek
kadardir.
6 ’ r-’ Toz gecirmez. Toz girisi kesinlikle yok.

14.1.7. EN ISO 14120:2015 - Makinalarda Giivenlik - Mahfazalar - Sabit Ve Hareketli Mahfazalarin

Sekil 85: IP Koruma Siniflar1 (Kaynak: KAREL)

Tasarimi ve Yapimi icin Genel Gereklilikler

»  Bu uluslararasi standart,

»  Insanlar1 mekanik tehlikelerden koruma amagcli saglanan muhafazalarin se¢imi, insas1 ve tasarimi igin

genel gereksinimleri belirler.

»  Tehlikeli bolgelere erisimi asgari seviyeye indirmek i¢in makineler, yaglama, ayarlama ve bakim gibi

sebeplerin, muhafazalarin agilmadan veya yerinden sokiilmeden yapilabilecek sekilde tasarlanmalidir.

»  Bu miimkiin olmadiginda asagidaki sebepler i¢in erigime izin verilmelidir.
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* Yikleme ve bosaltma

* Takim degistirme ve ayarlama
*  Yaglama

* Bakim ve Tamir

*  Temizlik vb.

Sekil 86: Bakim Operasyonu Gorseli

* Terimler ve Aciklamalar:

o Sabit Muhafaza: Sadece aletler kullanilarak veya yikilarak, acilabilen veya sokiilebilen sabitlenmis (vida,
kaynak vb.) muhafaza

o Alet: Baglanti elemanini agma ve kapama i¢in kullanilan alet-edevat (madeni para veya tirnak torpiisii
birtakim olarak kabul edilemez)

o Alet Kullanim: Belirli kosullarda emniyetli calisma prosediirii hakkinda bilgili bir kisi tarafindan alinan
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Sekil 87: EN ISO 14120°de Bahsedilen Alet Ornekleri (Erhan Eskicumali, 2021)
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Robot hiicrelerinde risk degerlendirmesi yaparken EN ISO 14120°deki bu tanimlara hdkim olmak 6nem-
lidir. Sabit muhafazanin tanim1 sadece belirli bir alet kullanimu ile sokiilebilen muhafaza olarak yapilmstir.

Yukarida goziiken kelebek tipi sabitlemeler ile sabitlenmis robot hiicresinin bulundugu ortamda herkes
tarafindan kolayca agilabilecek olan bir muhafaza, sabit muhafaza olarak kabul edilmemektedir. Eger risk
degerlendirmesi esnasinda sabit muhafaza olarak tasarlanmig fakat herhangi bir alet kullanim1 olmadan ra-
hat¢a sokiilebilen bir muhafaza tespit edildiyse tehlikeli bolgeye rahatca erisebilme riski ortaya ¢iktigindan
dolay1 bu sabit muhafazalarin EN ISO 14120’ye gore uygun hale getirilmesi gerektigi risk azaltimi tedbiri
olarak paylagilmalidir.

e Sabit Muhafaza:

Robot hiicreleri etrafinda sabit olarak monte edilen emniyet ¢itleri bu muhafaza 6rnegi altina girmektedir.

Sekil 88: EN ISO 14120’de Bahsedilen Sabit Muhafaza (Laurent Giraud, Ph. D., 2003)

e Arakilitlemeli Hareketli Muhafazalar:

Kilitlemeli ve kilitlemesiz tip olarak farkli modelleri bulunan arakilitlemeli muhafazalar, bakim, temiz-
lik, ayarlama, 6gretme gibi gorevler i¢in hiicre igerisine erisim gerektiginde tehlikeli hareketleri durdurma
sinyali gobnderme amacli kullanilirlar.

Sekil 89: EN ISO 14120°de Bahsedilen Arakilitlemeli Hareketi Muhafaza (SICK, 2018)
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Hareketli muhafazalar {izerinde bulunan bu arakilitleme tertibatlarinin manyetik, mekanik, kilitlemeli
tiplerde modelleri bulunmaktadir.

Sekil 90: Arakilitleme Tertibatlar1 (SICK, 2022)

EN ISO 14120 standardinda, uygulama ile ilgili alinan bilgilere gore muhafa secis diyagrami bulunmak-
tadir.

Muhafaza sec¢imi akis diyagrami

g Hayir
Muhafazaya gerek yok

Evet

Kullanim sirasimda Hayir
erisim gerekiyor mu ?

Evet

Sabit muhafaza
Hareketli
kilitlenebilen veya

kilitlenemeyen
arakilitlemeli
muhafaza

Tehlikeli bélgeye Hayir
erigim tamamen
asaklanabilir mi 2

Ayarlanabilen
muhafaza

Evet

Erigim sadece bakim Her vardiyada
Vveya proses ayari igin birden fazla erigim
mi gerekli? gerekiyor mu? Kilitlenebilen

Kilitly 1|

Agilan muhafaza
erigim saglanmadan
once tehlikeyi

onlandiriyor muZ

Calisma
déngiisiinde erigim
gerekiyor mu?

1li muhafaza

Sekil 91: EN ISO 14120’de Belirtilen Muhafaza Se¢im Akig Diyagrami (Erhan Eskicumali, 2021)

e Muhafazalarin renkleri:

o Tehlikelere dikkat cekmek icin, makine iizerindeki tehlikeli kisimlar daha parlak boyanabilir. Orn. Eger
muhafaza ve makine ayni renkte ise, tehlikeli kisimlar kontrast olusturmak i¢in daha parlak boyanabilir.

o Renk kombinasyonlar segilirken dikkat edilmelidir. Orn. Normalde Sar1 ve Kirmizi acil durdurma igin
kullanilir.

o Prosesin izlenmesi gerektigi yerlerde, muhafazalar parlak renkler ile boyanmamalidir. Orn. Sari, prosesi
gorlinlimii ile birbirine karisabilir.
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14.1.8. EN ISO 13849-1:2015- Makinelerde Giivenlik- Kumanda Sistemlerinin Giivenlikle Tlgili
Kisimlari

Kumanda sistemlerinin emniyet ile ilgili kistmlarini i¢eren bu standart, robot hiicrelerinde risk degerlen-
dirmesi yapilirken siklikla kullanilmaktadir.

EN ISO 10218 standardi, kontrol sistemlerinin emniyet ile ilgili kistmlarinin EN ISO 13849-1"e gore Ka-
tegori 3 PI d seviyesini karsilamasi gerektigini belirtmektedir.

Bir robot hiicresinde genel olarak asagidaki fonksiyonlar siklikla risk azaltimi1 amacl kullanilmaktadir:
* Acil durdurma emniyet fonksiyonu
» Isik bariyeri tarafindan baslatilan emniyet ile ilgili durdurma
* Alan tarayici tarafindan baglatilan emniyet ile ilgili durdurma
» Arakilitleme tertibat1 tarafindan baslatilan emniyet ile ilgili durdurma

Risk degerlendirmesi sirasinda bu emniyet fonksiyonlarinin EN ISO 13849-1¢ gore Kategori 3 PL d sevi-
yesini karsilayip karsilamadigin1 anlamak i¢in elektrik sistemde varsa pnomatik ve hidrolik devre semalarinin
erigilebilir olmas1 gerekmektedir. Risk degerlendirmesi yapan kisi eger elektrik devre semasini okumay1 bil-
miyorsa, bu semay1 EN ISO 13849-1 bilgisi ile yorumlayacak teknik bir uzmandan destek almalidir.

Robot entegratodrleri hiicreleri imal ettiklerinde, kurguladiklar1 emniyet fonksiyonlarinin EN ISO 13849-
1I’e gore Kategori 3 PL d seviyesini karsilayip karsilamadiklarin1 2006/42/AT makine emniyeti yonetmeligine
gore kanitlamakla miikelleftirler. Risk degerlendirmesi ¢alismasinda kontrol sistemlerinin emniyet ile ilgili
kisimlarmi incelerken EN ISO 13849-1 Uygunluk Raporunun varligi sorgulanmalidir.

Piyasada herkesin kullanimina {icretsiz bir sekilde sunulan ve birgok lireticinin iiriin kiitliphanesini iceren
SISTEMA yazilimi ile EN ISO 13849-1 Uygunluk Raporu olusturulabilmektedir.

Yukarida bahsi gecen emniyet fonksiyonlarinin Kategori 3 Pl d seviyesinde robotun durdurulmasini sagla-
yan Ornek emniyet mimarileri asagidaki gibidir:

* Acil durdurma emniyet fonksiyonu:

EN ISO 13849-1 Kategori 3 PLd

Sekil 92: EN ISO 13849-1’e Gore Kategori 3 PL d Seviyesi Acil Durdurma Fonksiyonu
(Erhan Eskicumali, 2025)

Yukaridaki 6rnek acil durdurma emniyet mimarisinde giris katinda ¢ift NC kontakl1 acil durdurma bu-
tonu, emniyet kontrolciisii tarafindan saglanan test pulse sinyaleri vasitasi ile kontaklar arasi kisa devre-agik
devre algilayan bir mimari ile emniyet kontrolciisiine baglanmaistir.
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Emniyet kontrolciisii tarafindan kontrol edilen iki adet kontaktor vasitasi ile robot kontrolciisiiniin acil
durdurma sinyalleri kesilmektedir. Ayrica dnceki sayfalarda anlatilan Kategori 3 Pl d mimarisi geregi, ¢ikis
katindaki kontaktorlerden emniyet kontrolciisiine geribildirim sinyali alindig1 goriilmektedir.

Yukaridaki mimari her robot hiicresinde risk degerlendirmesi yapilirken karsilasilacak bir mimaridir. Acil
durdurma emniyet mimarisinin Kategori 3 P1 d seviyesini karsilay1p karsilamadigini dogrulamak i¢in elektrik
devre semasi1 mutlaka okunmalidir.

Risk degerlendirmesi yapilirken sikg¢a yapilan en biiyiik yanliglardan birisi, elektrik panosunda emniyet
rolesi veya kontrolciisii gortildiigiinde elektrik devre semas1 okunmadan emniyet fonksiyonlarinin Kategori 3
PL d seviyesine ulastiginin varsayilmasidir.

Ornegin robot entegratdrlerinin sik¢a yaptig1 hatalardan birisi, yukaridaki gérselde O1 ve O2 olarak Kategori
3 mimarisi geregi cift kontaktdr kullanilan uygulamalarda, tek bir kontaktor kullanarak robot kontrolciisiine
giden sinyali kesmeleri olmaktadir.

Tek bir kontaktor kullanildiginda emniyet mimarisi Kategori 3’den Kategori 1’e diismektedir.

* Arakilitleme tertibati tarafindan baslatilan emniyet ile ilgili durdurma:

Arakilitleme tertibatlar1 da bir robot hiicresinde mutlaka karsilasilacak ekipmanlardan birisidir. Her robot
hiicresine temizlik, bakim, ayarlama, 6gretme gorevlerinden dolay erisim gerekmektedir. Erisim i¢in sagla-
nan kapinin tizerinde bulunan bu arakilitleme tertibatlarinin da bir¢ok farkli modeli bulunmaktadir.

EN ISO 13849-1 Kategori 3 PLd

Girig Sinyali Cikas Sinyali

Sekil 93: EN ISO 13849-1’e Gore Kategori 3 PL d Seviyesi Arakilitleme Tertibat1 Tarafindan Baslatilan
Durdurma Emniyet Fonksiyonu (Erhan Eskicumali, 2025)

Risk Degerlendirmesinde ise 6nemli olan konu, acil durdurma emniyet fonskiyonunda oldugu gibi araki-
litleme tertibat1 tarafindan baglatilan emniyet ile ilgili durdurma emniyet fonksiyonunun biitliin emniyet mima-
risinin Kategori 3 Pl d seviyesini karsilayip karsilamadiginin dogrulanmasi olacaktir.

Ayni sekilde bu dogrulama esnasinda elektrik devre semasi dikkatlice okunmali, eger arakilitleme tertiba-
tinin bagl oldugu kap1 agildiginda iceride pnomatik calisan hareketli aksamlar varsa ve buradaki hava emni-
yetli bir sekilde tahliye olacaksa, elektrik devre semasi ile birlikte pnomatik devre semasi da incelenmelidir.

Asagida emniyet hava tahliye i¢in 6rnek asgari Kategori 3 Pl d mimarisi goziikmektedir. Emniyetli hava
tahliye sadece arakilitleme tertibati ile baslatilan emniyet ile ilgili durdurma emniyet fonksiyonu ile alakali
degil, ayn1 zamanda acil durdurma ve 151k bariyeri ile tarafindan baslatilan durdurma emniyet fonksiyonlarin-
da da gecerlidir. Pnomatik riskler de risk degerlendirmesi yapilirken g6z ardi edilmemelidir.
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EN I1SO 13849-1 Kategori 3 PLd

Giris Sinyali

stz f—

Giris Sinyali

Cikas Sinyali

Sekil 94: EN ISO 13849-1"¢ Gore Kategori 3 PL d Seviyesi Arakilitleme Tertibati1 Tarafindan Baslatilan

Emniyetli Hava Tahliye Emniyet Fonksiyonu (Erhan Eskicumali, 2025)

* Isik bariyeri ve alan tarayici tarafindan baslatilan emniyet ile ilgili durdurma:

Girig Sinyali

EN I1SO 13849-1 Kategori 3 PLd

Cikag Sinyali

Sekil 94: EN ISO 13849-1"¢ Gore Kategori 3 PLd Seviyesi Isik Bariyeri Tarafindan Baglatilan

Durdurma Emniyet Fonksiyonu (Erhan Eskicumali, 2025)

Isik bariyeri ve alan tarayici gibi elektronik hassasiyetli koruyucu tertibatlarin da yukaridaki emniyet fonk-
siyonlar1 gibi EN ISO 13849-1’e gore Kategori 3 PI d seviyesini karsilayip karsilamadigi elektronik devre

semasindan kontrol edilerek dogrulanmalidir.
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»

»

EN ISO 13849-1 Kategori 3 PLd

Girig Sinyali Gikis Sinyali

Sekil 95: EN ISO 13849-1’e Gore Kategori 3 PL d Seviyesi Emniyet Alan Tarayici Tarafindan Baslatilan
Durdurma Emniyet Fonksiyonu (Erhan Eskicumali, 2025)

14.1.9. EN ISO 14118:2018- Makinelerde Giivenlik — Beklenmeyen Start-up Onlenmesi
EN ISO 1037:1995+A1:2008- Makinelerde Giivenlik- Beklenmeyen Start-up Onlenmesi

Bu uluslararasi standart,

Insanlar1 tehlikeli bolgelere miidahale etmeleri gereken yerlerde beklenmedik makine baslangiglarini
onlemek icin ihtiyag olan gereksinimleri belirler.

Tehlikeli bolgelerde insan varligini gerektiren 6rnek caligmalar:
Denetleme

Diizeltici aksiyonlar (tikanikliklar1 temizleme vb.)

Ayarlama

Manuel besleme / Bosaltma

Takim degisimi

Yaglama

Temizlik

Kullanimdan kaldirma

Bakim/ Tamir

Gozlemleme, test etme

SEKIL 96: Bakim Gérseli
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» Bu uluslararasi standart, her ¢esit enerji kaynagindan kaynaklanabilecek beklenmedik ¢alismalar1 kapsar.
*  Gii¢ kaynag1: Ornegin; Elektriksel, Pnomatik, Hidrolik

« Saklanan enerji: Ornegin; Yer Cekimi, Gerilmis Yay

Sekil 97: EN ISO 14118’de Belirtilen Enerji Kaynaklar1

izolasyon cihazlar:

+ lIzolasyon cihazlar1 enerji kaynagindan giivenilir bir sekilde ayrilmay1 ve baglantiyr koparmay1 garanti
etmelidir.

« Izolasyon cihazinin konumu agik ve belirsizlige yer vermeyecek bir sekilde gosterilecek sekilde belli
olmalidir.

« Izolasyon cihazlarinin konumlar1 ve sayilar1 risk degerlendirmesi dikkate alinarak belirlenmelidir.

—  Ornegin; insanlarin bulunmasi gereken tehlikeli bolgeler ve gergeklestirilecek olan ¢alisma (bakim, te-
mizlik vb.)

* Makinenin izolasyonu sirasinda, belirli devrelere bagl gii¢ kaynaklarinin beslenmesine devam edilmelidir.
— Ornegin; operatdrlerin emniyeti i¢in, koruma bilgisi veya 151k kaynaklari, devamli uyari etiketleri gibi.

* lIzolasyon cihazlari kilitlenebilecek sekilde olmalidir.

Sekil 98: Kilitlemeli Tip izolasyon Cihazlari
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14.1.10. EN ISO 10218-2:2011 Robotlar ve Robotik Cihazlar- Endiistriyel Robotlar icin Giivenlik
Gereksinimleri- Boliim 2 Robot Sistemleri ve Entegrasyonu

EN ISO 10218-2 standard: yukarida agiklanmig olan bir¢ok uyumlastirilmis standarda atifta bulunmaktadir.

Referans standartlarinin daha iyi anlagilmasi i¢in yukarida ilgili standartla ile birlikte 6rnekler paylasil-
mistir.

Ek olarak robot hiicresi igerisinde kalma riskinin oniine ge¢mek icin kullanilan risk azaltim yontemleri bu
madde altinda paylasilacaktir.

«  On-reset (Pre-Reset) Uygulamas::

On-reset uygulamasi1 robot hiicreleri igerisinde personelin kalma ihtimali olan uygulamalarda sikca
kullanilmaktadir.

Calisma mantig1 olarak robotu durduracak sekilde arakilitleme tertibatli bir kapidan veya asagidaki
gorseldeki gibi elektronik hassasiyetli koruyucu tertibat ihlal edilerek tehlikeli bolgeye girilmesi durumunda,
iceride bir On-reset butonuna basildiktan sonra tehlikeli bolgenin digina ¢ikilir ve robota ¢alisma komutu
verilir.

Boylece, robotu calistiracak olan operatdr, hattin igerisini gezerek, igerisinde birinin kalip kalmadigindan
emin olur.

Sekil 99: On-Reset (Pre-Reset) Emniyet Fonksiyonu (Omron Electronics, 2014)

*  LOTO/EKED Uygulanabilir Arakilitleme Tertibati Kullamilmasi:

Igeride bir personelin kalma tehlikesinin &niine gegecek olan en etkili ¢oziimlerden birisi LOTO/EKED
uygulanabilir arakilitleme tertibatlaridir. Igeriye bakim, temizlik, ayarlama, 6gretme gibi gorevler i¢in girecek
olan ekipman sahibi personel, asma kilidini takarak igeriye girer ve kapinin iizerine kapatilmasinin oniine

geger.

Risk degerlendirmesi yapilirken, kapilarda LOTO/EKED uyumlu arakilitleme tertibatinin segilip se¢ilme-
digine dikkat edilmelidir.
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Sekil 101: LOTO/EKED Uyumlu Kilitlemeli Tipli Arakilitleme Tertibati (Schmersal, 2025)

e  Mekanik Tutsak Kalma Anahtari:
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Sekil 102: Mekanik Tutsak Kalma Anahtar1 Uygulamasi
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» Calisma mantig1 asagidaki gibidir:

* Makineye giden giicii izole ederek anahtar1 A’dan ¢ikarin.

* B’den anahtar1 serbest birakarak A’dan B’ye anahtar1 yerlestirin.
» Kap1 artik agilabilir.

* B’den anahtar bir emniyet anahtar1 olarak tutulabilir veya makinenin giivenli modda ¢alismasina izin ver-
mek i¢in C’ye yerlestirilebilir.

» Makineyi yeniden baglatmak i¢in islemi tersine gevirin.

15. SONUC VE ONERILER

Risk analiz siireci, endiistriyel makine kullanan isgileri korumak i¢in tasarlanmistir. Robotik s6z konusu
oldugunda, robot ve aksesuarlari ile bir islem gergeklestirirken robotik hiicre kullanicilarinin giivende olma-
sin1 saglamak i¢in uygulanir. Risk analizleri, robot entegrasyonunu standartlastirmak ve robotik hiicre tarafin-
dan belirli bir giivenlik diizeyine ulasildigindan emin olmak i¢in uygulanir. Ancak risk analizi siireci, hiicrenin
entegre oldugu yerlerde gecerli olan yasa ve mevzuata uygun olarak da yapilmalidir. Robot ve robotik cihaz
tireticileri, cihazlari i¢in gilivenlik gereksinimleri (PL = d kategori 3) olusturmus olsalar bile, robotlar ve insan-
lar arasinda dogrudan veya yakin temas meydana geldigi i¢in uygulama ve ortamin kendisi dikkate alinarak,
risk analiz siirecinde hala islenmesi gereken 6nemli noktalar mevcut olabilir.

Risk degerlendirmeleri sirasinda, insan robot arasindaki dinamik c¢arpigsma sirasinda insan viicudu iize-
rinde ¢esitli olumsuz etkiler yaratabilir, 6rnegin bir ¢arpma sonunda ¢arpma hizli olmasa bile kafanin hizla
donmesi sirasindaki bir ¢arpisma kafatasi ve beyin i¢in oldukga zararli olabilir. ISO / TS 15066 taslaginda,
kafa i¢in darbe sinir degerleri belirtilmesine kargin, bunun beyne verecegi olasi zararlar {izerinde fazla durul-
mamistir. NATO i¢in yapilan bir arastirmada, ¢arpma sonunda beyin hasar1 olusmadan dnce bas ve boyunda
olusabilecek hayati hasarlarin olusabileceginden bahsedilmistir, ancak konuyla ilgili diger kaynaklar bunu
teyit etmemis bazilar1 da aksini ileri stirmiiglerdir.

Cesitli viicut yaralanmalarina neden olan kuvvetler hakkinda bilimsel veri elde etmenin etik zorluklar
nedeniyle, kuvvet degerleri igin bir¢ok veri kaynagi geng ve ¢ok formda bedenler, kadavralar veya bilgisayar
modelleri ile ¢caligmalara dayanmaktadir. Elde edilen veriler diizensizdir ve yas araliklarinda ve viicut 6zel-
liklerindeki degiskenlerle uygulanmasi zordur. Aragtirmalar, kemik ve yumusak dokularin esnekliginin yasla
birlikte dnemli dlciide diistiigiinii ve bunun biiyiik lciide degisebilecegini gdstermistir (Ornegin; 20 ila 80 yil
arasinda esneklikte %20°lik bir azalma miimkiindiir). Iyi veri eksikligi nedeniyle, ISO / TS 15066°da goste-
rilen degerler kismen temkinli goriinebilir, ancak taslakta kullanilan bilimsel verilerin kesin dogasinin taslak
ISO gelistiricileri ile dogrulanmas1 gerekir.

ISO /TS 15066°da risk analizlerinde esas alinacak degerler olarak, viicut bolgelerinden, sadece boyunla
beraber bas, gogiis, karin, kalga, legen kemigi, list kol, dirsek, el parmaklar1 diz, ayak ve bacak i¢in smirl
veriler mevcut olup, bunun digindaki bolgeler tanim dis1 birakilmistir.

ISO/TS 15066’ nin ilk taslaginda, birincil hedefin ¢arpismay1 6nlemek ve kisi ile robot arasinda giivenli
bir mesafeyi korumak oldugu ve ISO/TS 15066’da belirtilen kuvvet sinirlarinin, giivenli mesafeyi korumak
icin tasarlanmis sistemler arizalandiginda gecerli oldugu agik¢a ortaya konmamis olmasina ragmen bunun son
taslakta diizeltildigini goriiyoruz. Bu 6nemli bir noktadir, ¢iinkii giivenli bir mesafeyi koruyamama olasiligi,
kobotla birlikte ¢alisan is birlik¢ilerinin maruz kaldigi risk seviyelerini ve kabul edilebilir yaralanma kriterle-
rinin ne olmas1 gerektigini belirgin bir sekilde etkiler. Insanlarin yeterince korunup korunmayacag1 biiyiik
Olciide carpisma olasiligina ve ¢arpisma kuvvetlerine baglidir. Bu nedenle, is birlik¢i robotlarin kullaniminda
emniyet yonetimi agisindan, operatorii ¢arpismaya karst koruyan ariza modlar1 ve ariza oranlari ¢ok 6nemli
etkenlerdir. Ancak bu arada carpisma olasiligina iliskin frekansi da hesaplarda géz ardi etmemek gerekir.
Taslakta tiim viicut bolgelerine ait sinirlar mevcut olmayip, temas halinde neler olacagina iliskin tiim viicut
bolgelerine iliskin senaryolar tizerinde de ¢alisilmamistir. Bu arada, is birlik¢i ortamlarda robotlarla is birligi
yapacak operatdrlerin olasi bir ¢arpismada minimal diizeyde etkilenmelerini saglamak i¢in ¢esitli KKD’ler
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kullanilmas1 6nerilmis, ancak herhangi bir temas, ¢carpigsma veya sikismada bu koruyucularin kuvvete maruz
kalmalar1 durumunda bu temasin operatore nasil yansiyacagi konusunda detayl1 bir bilgi verilmemistir.

Olasi risk bilgilerinin daha 6nceden dogru tespit edildigi durumlarda, FMEA ve FTA analizlerinde dogru
risk analizleri yapilabilir, yeni bir is birlik¢i ¢aligma alani tasarimi igin, eger olasi riskler hakkinda detayl
bir 6n bilgi mevcut degilse bu iki yontem ¢ok ta basarili olamayabilecektir. Bu yontemler, gergeklestirilmesi
gereken gorevleri dikkate almadigindan, risk degerlendirmesi yapmak icin JAS (Is Giivenligi Analizi) daha
iyi bir secenek olacaktir. Burada asil yapilmasi gereken, alt gorevleri tehlike agisindan analiz etmek ve bu
tehlikelerin etkilerini azaltmak veya gecersiz kilmak i¢in yontemler veya prosediirler 6nermektir.

Robotlar da dahil olmak iizere, her tiirlii endiistriyel makine ve bunlarin bir tiretim tesisinde kullanilmasi
giivenlik standartlarina uygun olmak zorundadir. Robotlar ve endiistriyel makinelerin hepsinin ¢aligmasi sira-
sinda birtakim riskler mevcuttur, ancak insanlarla birlikte ¢alisan is birlik¢i robotlara baktigimizda ek birtakim
risklerin giindeme geldigini goriiriiz. Yapilacak risk degerlendirme sirasinda kullanilacak yontemler asagida
belirtilen standartlarin kosularini karsilayabilecek nitelikte olmalidir.

Efektor, enerji saglayici veya dis enerji baglantilari Genel Makine Giivenlik Standartlariin
SS-ISO- 12100:2010°da belirtilen ve risk degerlendirme sirasinda kullanilacak bilgileri icermelidir.

Endiistriyel robotlarin emniyet tasarimlarinin SS-ISO 10218-1:2011°de belirtilen 6neriler 15181nda yapil-
masi gerekir. Bu boliimde robot ve entegre ¢alistig sistemdeki robotlarin giivenliklerinin neler olmasi gerek-
tigi gibi hususlar iireticiye tavsiye edilir.

Yeni ¢ikan ISO/TS 15066°da ise dogrudan Kolaboratif (isbirlik¢i) Robotlardan sdz edilir ve bu
robotlarin giivenlik gereksinimlerinin yan1 sira operatorlerle birlikte ¢alistiklar1 alanin giivenligi i¢in neler
yapilmasi gerektigi belirtilir.

Robotik alaninda mevcut giivenlik analizi arastirmalari tizerine kapsamli bir literatiir aragtirmas1 yapildi
ve bunlarin hi¢birinin operatorii proaktif bir faktor olarak tanimadigi bulundu. Genel olarak insan faaliyetleri-
nin ve robotlarla etkilesimlerinin neden oldugu giivenlik ihlallerine odaklanilmamaktadir. Ayrica bu konuda,
uluslararasi standartlar ve robotik camia ile uyumluluk yoktur.

Isbirlik¢i ¢alismada operatdrlerin davranislarim belirleyen bilissel ve gorev analitik modeller olmak iizere
iki kavram mevcuttur. Bunlara ek olarak tekrarlama, yanlig siralama ve izinsiz giris gibi biligsel-akla yatkin
insan davranislari lireten ilkelerin tanimlanmasi ve bunlara iligkin bilissel psikolojiden bigimlendirilmis sab-
lonlarin olusturulmasi gerekir. Biligsel Sablonlar insan yaraticiligindan kaynaklanan makul hatalarla ilgilen-
mediginden robotun hareketinin izlenmesi sirasinda 6n ve son kosullarin denetim altinda tutulmasi gerekir.

Risk analiz siireci, endiistriyel makine kullanan is¢ileri korumak igin tasarlanmistir. Robotik s6z konusu
oldugunda, robot ve aksesuarlari ile bir igslem gerceklestirirken robotik hiicre kullanicilarinin giivende olma-
sin1 saglamak i¢in uygulanir. Robot entegrasyonunu standartlastirmak ve robotik hiicre tarafindan belirli bir
giivenlik diizeyine ulasildigindan emin olmak icin risk analizleri de uygulanir. Ancak risk analizi siireci, hiic-
renin entegre oldugu yerlerde gegerli olan yasa ve mevzuata uygun olarak da yapilmalidir. Robot ve robotik
cihaz iireticileri, cihazlari i¢in giivenlik gereksinimleri (PL= d kategori 3) olusturmus olsalar bile, uygulama
ve ortamin kendisi dikkate alinarak, risk analiz siirecinde hala islenmesi gereken 6nemli noktalar mevcuttur.
Robotlar ve insanlar arasinda dogrudan veya yakin temas meydana geldigi i¢in is birlik¢i uygulamalar ¢ok
ciddiye alinmalidir.

Bundan sonraki risk analizlerinde daha saglikli sonuglara ulasabilmek i¢in ISO/TS 15066 taslagina asagi-
da belirtilen hususlarin yararli olacagi goriilmektedir;

Kuvvet siir1 degerlerini ve taslak ISO belgesindeki genel yaklasimi gelistirmek icin kullanilan aragtirma
ve bilgilerin bir listesinin dahil edilmesi (veya referans olarak verilmesi), mevcut siiriimii gelistirmek i¢in
hangi malzemenin kullanildig1 ve bu nedenle standardin gdzden gegirilmesi gerektiginde hangi yeni arastirma
ve bilgilerin ilgili olabilecegi daha acik hale gelmis olacaktir,

Insanlarin calisma alanindaki tipik hareket hizlarmin dahil edilmesi, robotlarin insanlarla carpistiginda
giiclerin dogasinin nasil degistirebilecegini gosterecektir,
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Yaralanma siddetinden daha ¢ok, carpigsma kriterlerinin bir pargasi olarak robotlar ve insanlar arasindaki
potansiyel ¢carpisma ve yaralanma sikliginin dahil edilmesi,

Risk degerlendirme siireci igin grafiksel akis semasi yol haritasinin kullanimi,

Kabul edilebilir ¢arpisma kriterleri tanimlanirken psikolojik konularin dikkate alinmasi gerekip gerekme-
digi, yani bir ¢arpigsma sonrasinda psikolojik etkiler ve bunun is birlik¢i robotlarla ¢alisirken giliveni / perfor-
mansi nasil etkileyebilecegini degerlendirme,

Bir robot yiizeyi ile bir kisi arasindaki hareket agisinin, belirli bir ¢arpigma kuvveti i¢in herhangi bir ya-
ralanmanin dogasini nasil degistirebilecegi (6rnegin; cilt yiizeyine belli bir a¢1 ile uygulandiginda kabul edi-
lebilir olarak nitelenecek bir kuvvettin cilde dik olarak gelmesi durumunda). Bu faktor taslak ISO/TS 15066
taslagi kapsaminda goriinmemektedir ve ¢ok az bahsedilmistir,

Insan hareketinin insan-robot carpisma senaryolarina ekleyebilecegi potansiyel ek kuvvetlerin niceligi ve
KKD’nin insan-robot ¢arpisma senaryolari lizerindeki etkilerinin nicellestirilmesi / nitelendirilmesi,

Kisinin (is birlik¢inin) robota dogru potansiyel hareketine dikkat edilmesi gerekebilir, ¢iinkii bu, robot hiz1
ile birleserek ¢arpisma kuvvetlerini daha biiyiik hasara neden olan seviyelere yiikseltebilir. Insan hareketinin
bir carpisma durumuna hangi kuvvetleri ekleyebilecegini belirlemek bu ¢aligmanin kapsami diginday-
di. Eger kuvvet sinirlarinin amaci yaralanmay1 kabul edilebilir yaralanma diizeyleriyle sinirlamaksa, o zaman
kisinin olas1 hareketleri ciddi bir Sekilde incelenmelidir.

Onerilen garpisma 6lciim sistemleri bunu dikkate almadigindan taslak hazirlayicilari ile daha fazla temas
edip, goriislerini alip bilgileri dogrulatmak uygun bir yol olacaktir. Insanin robota gére hareketi nispeten 6ngé-
rilebilir ve insan hareketinin degiskenligi ve ilgili hizlar risk degerlendirmesini ¢ok daha zor hale getirebilir.
ISO/TS 15066 taslaginda verilen kuvvet degerlerinin kisinin hareketi i¢in herhangi bir sarta izin verip ver-
medigi acik degildir. Geleneksel makine emniyeti standartlari, insanlarin hareket hizin1 dikkate alan tehlikeli
bolgelerde giivenli mesafelerin olugsmasini saglar;

Standartlarda goriilen odur ki, ¢ok sayida arastirma geng niifuslu erkekler ve kadavralar iizerinde yapil-
digindan, bu sonuglar1 daha genis niifusa genelleyerek sinirli 6rneklem biiyiikliiklerine ve popiilasyonlarina
dayandirilmasi gerekir.

ISO/TS 15066 taslaginda, boyun, omuz veya dizlerdeki eklemelerde, uzun stireli saglik komplikasyonla-
rina neden olabilecek travmalara neden olabilecek kuvvetleri goz oniine aldig1 konusunda bir teyit bulunma-
maktadir.

Bu tiir yaralanmalar taslak ISO/TS 15066’da belirtilen maksimum tolere edilebilir sinirlarin tizerindeki
carpmalarda gorliinmektedir, ¢linkii belgede ICD-10-2006’n1n yiizey yaralanmalari i¢in yapilan kodlamalar
disindaki Siddetin tolere edilemeyecegi belirtilmektedir.

ISO/TS 15066 taslagi, Kisaltilmis Yaralanma Olgegi (Abbreviated Injury Scale /AIS) kategorisi 1 olarak
kabul edilebilen maksimum yaralanma seviyesini belirtmektedir, AIS yaralanma kategori 1’1 tamamen uygun
bir yaralanma kriteri degildir, ¢iinkii tek bir kaburga kirig1 kategori 1, kiiglik yaralanma olarak siniflandirilir
ve bu nedenle is birlik¢i robot giivenligine uygulama icin ek uyarilar gerektirir.

Kazalardan elde edilen kanitlar, robot-insan ¢arpismalarindan kaynaklanan oliimlerin bazen tuzaklardan
bogulmaya bagli oldugunu gostermektedir. Bu mevcut calisma bogulmaya yol agabilecek kuvvet sinirlari hak-
kinda bilgi ortaya koymamistir (boynuna veya gogstline basarak). Bu tiir degerlerin mevcut olup olmadigini
veya ISO/TS 15066 nin ¢ekme kuvveti sinirlarinda belirtilen degerlerin mutlaka yeni ¢aligmalarla dogrulan-
mas1 gereklidir.

Kisinin (is birlik¢inin) robota dogru potansiyel hareketine dikkat edilmesi gerekebilir, ¢iinkii bu, robot hiz1
ile birleserek ¢arpisma kuvvetlerini daha biiyiik hasara neden olan seviyelere yiikseltebilir. Insan hareketinin
bir carpisma durumuna hangi kuvvetleri ekleyebilecegini belirlemek bu ¢aligmanin kapsami diginday-
di. Eger kuvvet sinirlarinin amaci yaralanmay1 kabul edilebilir yaralanma diizeyleriyle sinirlamaksa, o zaman
kisinin olas1 hareketleri ciddi bir Sekilde incelenmelidir. Onerilen ¢arpisma 6l¢iim sistemleri bunu dikkate
almadigindan taslak hazirlayicilari ile daha fazla temas edip, goriislerini alip bilgileri dogrulatmak uygun bir
yol olacaktir. Insanin robota gdre hareketi nispeten dngoriilebilir ve insan hareketinin degiskenligi ve ilgili
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hizlar risk degerlendirmesini ¢ok daha zor hale getirebilir. ISO/TS 15066 taslaginda verilen kuvvet degerle-
rinin kiginin hareketi i¢in herhangi bir sarta izin verip vermedigi a¢ik degildir. Geleneksel makine emniyeti
standartlari, insanlarin hareket hizin1 dikkate alan tehlikeli bolgelerde giivenli mesafelerin olugsmasini saglar.

Robotla ilgili kaza arastirmalarinda ortaya ¢ikan ortak bir tema, robot ¢alisma bdlgesinde olduklarinin ve
robot hareketlerinin farkinda olmalarina ragmen ¢arpisan robot parcasinin konumunun yaral kisiyi sagirtma-
sidir. Insanin giivenli bir 3 boyutlu bdlgede kalmamasinin 6ngériilebilir oldugu ve risk degerlendirmelerine
dahil edilmesi gerektigi noktasinda bu durum ¢ok 6nemlidir. Bu durum insan-robot ¢arpismalari i¢in kabul
edilebilir yaralanma seviyelerinin se¢imini biiyiik 6l¢iide etkileyecektir, ¢iinkii insanlarin robotlarla is birligi
yaparken hata yapmalar1 ongoriilecektir bu yiizden de degisken ve glivenilmez insan davraniglarinin agiklan-
mast1 gerekecektir.

Makine tasarimcilari, tasarim sirasinda, robotla birlikte ¢alisacak olan operatdr hareketlerinin giivenli ol-
madigin1 varsayarak koruyucu ¢itlerden, risk azaltict her tiirlii koruyucu 6nlem ve bunlarin olasi performans-
larimi ISO/TS 15066°daki ¢arpisma ve yaralanma kriterlerini dikkate almas1 gerekecektir.

Isbirlik¢i bir robot koruma sistemi engellendiginde, ortaya ¢ikan durumun bertarafi zor veya kolay arasin-
da ¢esitli derecelerde olabilir, o yiizden her bir kademenin ¢ok detayli bir Sekilde incelenmesi gerekecektir.

Insan davranisinin ve performansinin, geleneksel makinelere kiyasla is birlik¢i robot sistemleriyle ilgili
olarak daha az m1 yoksa fazla mi1 sorun ¢ikaracagi proses bazinda ele alinmalidir. Son ¢alismalar, insan /robot
etkilesimlerinin ek komplikasyonlara neden olabileceginden bu detaylar ¢oziilene kadar robotlarin baz1 en-
diistriyel uygulamalar i¢in heniiz kullanima hazir olmadigin1 géstermektedir.

Insanlar, olas1 ¢arpisma sirasinda robot hareketi ve buna tepki olarak kaginma reflekslerini alisilmis bek-
lentilerle giivenli hale getirmek i¢in ¢alisirken, basarisizlik halinde hangi senaryolarin giindeme gelebilecegi
iizerinde de durmalidirlar.

ISO/TS 15066 taslagi, gelistirilmekte olmasina ragmen, belirtilen tiim testleri gergeklestirebilecek bir
enstrimantasyon bulunmadigini belirtmektedir. Otomotiv endiistrisinde yaralanma riskinin degerlendirilmesi
icin yaralanma kriterleri ve “biyofidel” test mankenleri gelistirilmistir. Ancak robot carpigmalari test etmek
icin gerekli olabilecek test enstriimantasyonu daha basit gibi goriinmektedir, ¢linkli otomotivdeki yaralanma
senaryolart daha az degisken (koltuklar, yolcu ve ¢arpisma gibi) igermektedir. Bunlara ek olarak, eger bu
carpigmalarda kullanilan KKD’ler var ise ¢arpisma sonunda bu KKD’lerin kendilerine gelen kuvveti robot ne
Olciide ilettigi veya darbeyi sonlimleme yetenegi de arastirilmalidir.

~16. 2025 YILINDAKI YENILIKLER:
ROBOTIK EMNIYET STANDARTLARINDA YENI DONEM

16.1. “Kolaboratif Robot” Taniminin Kaldirilmasi ve “Kolaboratif Uygulama” Kavraminin
Getirilmesi

Son on yi1l boyunca “kolaboratif robot” (kisaca “kobot”) kavrami, otomasyon diinyasinda sik¢a kullanilan
bir terim haline geldi. Bu ifade, insanlarla emniyetli sekilde birlikte ¢alisabilen, klasik endiistriyel robotlarin
sinirlarini agan yeni bir robot tiiriinli tanimlamak i¢in kullaniliyordu. Ancak 2025 yilinda yayimlanan ISO
10218 standardu ile birlikte bu kavram 6nemli bir degisiklige ugrada.

Artik “kolaboratif robot” ifadesi standartlardan tamamen c¢ikarilmis durumda. Bunun yerine “kolaboratif
uygulama (collaborative application)” kavrami kullanilmaktadir.

Bu degisiklik, yiizeyde basit bir kelime diizenlemesi gibi goriinse de, emniyetli insan-robot etkilesimi
konusundaki diisiince yapisinin olgunlasmasini yansitmaktadir. Bir robota “kolaboratif” demek, onun her du-
rumda emniyetli olacagi anlamina gelmez. Standart hazirlayicilari, yillardir siiregelen bu kavramsal karigikli-
ga son vermek istemistir. Kolaboratif robot Tiirkiye’de ilk ¢iktig1 donemlerde robot emniyet ¢itinden kurtuldu
seklinde sahadaki robot entegratdrlerinin arasindaki yaygin konusmalar, bu konunun yanlis anlagilmasina
verebilecegimiz orneklerden birisidir.
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Neden “Kolaboratif Robot” Tanimi Kaldirildi?

Bu degisikligin temel nedeni agiklik ve emniyettir. “Kolaboratif robot” terimi zamanla pazarlama odakli
bir tanima doniismiis ve kullanicilarda yaniltict bir emniyet algisi yaratmaya baglamistir. Pek ¢ok kullanici, bu
ifadeyi sadece gii¢ ve kuvvet sinirlama (Power and Force Limiting — PFL) teknolojisiyle donatilmis robotlarla
es anlamli kullanmigtir. Oysa bir robotun bu 6zellige sahip olmasi, onun otomatik olarak emniyetli oldugu
anlamina gelmez.

Asagidaki gorseldeki gili¢ ve kuvvet sinirlama 6zellikli robotun tutucusunda bulunan kiliglh bir uygula-
manin bir operatdre ¢arptig1 senaryo hayal edilirse, uygulamanin tamamindan bagimsiz olarak diisiiniilen bu
uygulamanin kolaboratif bir uygulama olmasi1 miimkiin degildir.

Sekil 102: Kolaboratif Olmayan Uygulama

Bu sebeple gercekte, dogasi geregi “kolaboratif robot” diye bir robot tiirli yoktur.
Bu teknolojiler arasinda:

« Elile yonlendirme (Hand Guiding)

«  Hiz ve mesafe izleme (Speed and Separation Monitoring — SSM)

+  Giig ve kuvvet sinirlama (PFL)
gibi iglevler yer alir.

Ancak bu 6zellikler, yalnizca dogru sekilde tasarlanmis bir uygulama iginde emniyetli bir etkilesime ola-
nak saglar.

Artik Robot Degil, Uygulama Kolaboratif

Yeni ISO 10218:2025 yaklagimu, is birliginin bir robot 6zelligi degil, bir uygulama 6zelligi oldugunu agik-
ca ortaya koymaktadir.

Yani artik “kolaboratif olan robot degil, uygulamadir.”

Bir robot tek basina “kolaboratif” sayillamaz; ancak onu ¢evreleyen emniyet sistemleri, sensorler, gorev
tanimi ve risk degerlendirmeleri ile olusturulan biitiin uygulama kolaboratif olarak tanimlanabilir.

Bu yaklagim, hem sorumlulugu hem de emniyet kapsamini daha net bicimde tanimlar.Bir uygulama, ge-

rekli emniyet fonksiyonlari, risk degerlendirmeleri ve koruma dnlemleriyle tasarlanip dogrulandiginda kola-
boratif kabul edilir.

Sektor icin Anlam
Bu terminolojik degisim, yalnizca bir isim degisikligi degil; sorumlulugun ve emniyet anlayisinin yeniden

tanimlanmasidir. Artik bir robot iireticisi, Uriiniinii “kolaboratif robot” olarak pazarlayamaz. Bunun yerine,
hangi kolaboratif 6zellikleri(6rnegin sensorler, kuvvet sinirlama teknolojisi vb.) sundugunu belirtmeli ve bu
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ozelliklerin emniyetli bir uygulamada nasil kullanilacagini tanimlamalidir. Kullanicilar ve entegratorler icinse
bu degisiklik, sadece bir robot tiirii satin almanin yeterli olmadigini, asil nemli olanin uygulamanin biitiinsel
olarak emniyetli tasarlanmas1 oldugunu hatirlatmaktadir. Sonug olarak, “kolaboratif robot” ifadesi tarih sah-
nesinden ¢ekilmistir. Yerine gelen “kolaboratif uygulama” kavrami, insan-robot etkilesiminin yalnizca dogru
tasarim, risk yonetimi ve miithendislik siire¢leriyle emniyetli hale getirilebilecegini vurgulamaktadir. Bu degi-
sim, robotik emniyet alaninda olgunlagan bir donemin habercisi ve 2025 yilinda yenilenen ISO 10218 robot
emniyet standardi serisindeki en 6nemli degisikliklerden birisidir.

16.2. ISO/TS 15066°’nin ISO 10218-2:2025’e¢ Entegrasyonu

2016 yilinda yayimlanan ISO/TS 15066, kolaboratif robotik alaninda bir doniim noktasi olmustur. Bu
teknik spesifikasyon, insan-robot etkilesiminin emniyetli bicimde ytiriitiilmesi i¢in sinir degerleri, ¢alisma
modlarin1 ve tasarim prensiplerini tanimlamistir. Bu dokiiman, uzun yillar boyunca ISO 10218-1 ve ISO
10218-2 standartlarin1 tamamlayici nitelikte kullanilmis; ancak kendi basina baglayici bir standart degil, tek-
nik kilavuz (Technical Specification) statiisiinde kalmistir.2025 Revizyonu ile Yeni Donem:2025 yilinda ya-
pilan kapsamli revizyonla birlikte, ISO/TS 15066 nin igerigi ISO 10218-2:2025 standardina resmen entegre
edilmistir.Bu degisiklik, kolaboratif robotik ile ilgili gerekliliklerin artik ek bir dokiimanla degil, dogrudan
ana standardin bir parcasi olarak ele alinmasini saglamistir.Revize edilen ISO 10218-2:2025, artik sadece
robot sistemlerinin entegrasyon gerekliliklerini degil, ayn1 zamanda kolaboratif uygulamalara iliskin emniyet
gereklerini de kapsamaktadir.Bu entegrasyon sayesinde, standardin kullanicisi — ister sistem entegratorii ister
iiretici olsun — tiim emniyet gereksinimlerine tek bir dokiiman iizerinden erisebilmektedir.

Bu Degisikligin Onemi
Bu yapisal birlesme, iki 6nemli hedefi gergeklestirmektedir:
1. Tutarhlik ve erisilebilirlik:

Kolaboratif uygulamalara iligkin gereklilikler artitk ISO 10218 serisinin i¢inde biitiinlesik bigimde yer
almaktadir. Bu durum, kullanicilarin farkli dokiimanlar arasinda ge¢is yapmak zorunda kalmadan, tiim gerek-
sinimleri tek referans {izerinden inceleyebilmesini saglar.

2. Kolaboratif yaklasimin olgunlasmasi:

ISO/TS 15066’nin  artik ayr1  bir teknik spesifikasyon olmaktan ¢ikmasi, kolabora-
tif uygulamalarin robotik sistemlerin ayrilmaz bir pargasi haline geldigini gostermektedir.
Boylece, “kolaboratif uygulama” artik ayr1 bir 6zel kategori degil, her robotik sistemde uygulanabilecek bir
tasarim yaklasimi olarak degerlendirilir hale gelmistir.

ISO/TS 15066’ nin Gelecegi ve WG8 Calismalari

ISO/TS 15066 dokiimaninin ISO 10218-2:2025 standardina entegrasyonu, kolaboratif uygulamalara ilis-
kin emniyet gereklerinin artik ana standardin bir pargasi haline gelmesini saglamistir. Ancak bu siire¢ burada
bitmemektedir.

ISO/TS 15066’ nin, kendi bagina bagimsiz bir standart haline getirilmesi ve giincel saha kosullarina adapte
edilmesi amaciyla, ISO/TC 299 Robotics Komitesi biinyesinde ¢calismalar devam etmektedir.

Bu kapsamda olusturulan WG8 (Working Group 8) adli ¢aligma grubunun ismi:

“Biomechanical Data and Validation Methods for Physical Human-Robot Interactions” (Fiziksel In-
san-Robot Etkilesimleri i¢in Biyomekanik Veriler ve Dogrulama Y ontemleri). Bu ¢aligma grubunun amaci,
insan-robot temasina iliskin biyomekanik esik degerlerini yeniden tanimlamak, deneysel dogrulama yontem-
lerini gelistirmek ve gelecekteki kolaboratif uygulamalar i¢in daha kesin, bilimsel temellere dayali emniyet
kriterleri olusturmaktir.

Tiirk Standartlar1 Enstitiisii biinyesindeki MTC 205 Robotik Komitesi’nden bir uzman, TEFDO’nun spon-
sorlugu ile bu caligma grubuna aktif olarak katilmakta ve Tirkiye’yi uluslararasi diizeyde temsil etmektedir.
Bu katilim, iilkemizin robotik emniyet standartlarinin gelisimine dogrudan katki saglamasi agisindan son de-
rece onemlidir.
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WGS8 Calisma Grubu ve Yeni Standart Projesi

WG8 grubunun yiiriitmekte oldugu yeni proje, “ISO/AWI 15066-1 Collaborative Safety — Physical Con-
tact — Part 1: Biomechanical Thresholds and Data” (ISO/AWI 15066-1 Kolaboratif Emniyet — Fiziksel
Temas — Boliim 1: Biyomekanik Esikler ve Veriler) basligini tasimaktadir. Bu proje tamamlandiginda, kola-
boratif uygulamalarda fiziksel temasin sinirlarin1 belirleyen yeni biyomekanik verilerle, robot entegratorleri-
nin uygulama tasariminda devrim niteliginde degisiklikler dngoriilmektedir. Yeni standardin, kolaboratif uy-
gulamalarin dogrulama stireclerini, test metodolojilerini ve tasarim kriterlerini tamamen yeniden tanimlamasi
beklenmektedir.

Sektorel Etkiler ve Beklentiler

ISO/TS 15066 nin bu yeni versiyonunun, ISO/AWI 15066-1 standart projesi tamamlandiginda, kolabora-
tif robotik alaninda biiyiik yanki uyandirmasi beklenmektedir.

Yeni standart, 6zellikle kolaboratif uygulama entegratorlerinin ve sistem tasarimcilarinin is yapis bigimle-
rinde koklii degisiklikler getirecek; fiziksel temas, kuvvet sinirlari, hiz degerleri ve test yontemleri artik daha
bilimsel, 6lgiilebilir ve dogrulanabilir temellere oturtulacaktir.

Bu gelismeler, kolaboratif robot kavraminin miithendislik temelli, dl¢iilebilir emniyet degerleri lizerinden
yeniden tanimlanmasini saglayacak ve gelecegin insan-robot etkilesimi anlayisini sekillendirecektir.

ISO/AWI, “Approved Work Item” (Onaylanmis Calisma Maddesi) anlamina gelir.u ifade, ilgili standardin
halen gelistirme asamasinda oldugunu ve resmi yayima hazirlanmakta oldugunu belirtir.

“ISO/AWI 15066-1” ifadesi, ISO/TS 15066’nin revize edilerek tam kapsamli bir uluslararasi standart
haline getirilme siirecinde oldugunu gostermektedir.
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Preface

The principles and practices governing the safe operation of industrial robots, which have evolved
continuously since the 1960s, have gained unprecedented significance with the rapid acceleration of
digitalization, particularly following the onset of the COVID-19 pandemic. As one of the key enabling
technologies of Industry 4.0, collaborative robots (cobots), designed to perform repetitive and monotonous
tasks alongside conventional industrial robots, have become increasingly prevalent across a wide range of
sectors, including healthcare, food production, automotive manufacturing, and the metal industry during the
pandemic period.

The widespread adoption and implementation of these robotic systems have highlighted the necessity of
ensuring their safe integration into human-centered work environments. In particular, the increasing prevalence
of human-robot collaboration has underscored the need for a more comprehensive understanding of robot
safety principles and safe working practices.

In response to growing interest and demand, we found it necessary to thoroughly revise and expand our
previous book, Occupational Safety Approach in Collaborative Industrial Robots, by enriching its content with
more comprehensive information on practical applications and safety considerations. The first two editions of
the book were published in Turkish as follows: the First Edition by Efe Akademi in February 2021, and the
Second Edition by IKSAD Publishing in March 2022.

Since the publication of the first edition in 2021, significant advancements have taken place in the field of
industrial robot safety. Most notably, the revised editions of ISO 10218-1 and ISO 10218-2, published in 2025,
introduced substantial updates that reflect the latest developments in industrial robotics and functional safety.

A comprehensive understanding of any subject requires not only familiarity with its current state but also
an appreciation of its historical development and evolutionary progression. As Confucius wisely stated:
“Study the past if you would define the future.”

This perspective emphasizes that a sound understanding of the past is essential for correctly interpreting
and positioning new developments within their proper context. Accordingly, this edition includes a newly
added chapter providing a general overview of the principal revisions introduced in the 2025 edition of the
ISO 10218 series of robot safety standards. We sincerely hope that this book will serve as an up-to-date,
practical, and authoritative reference for professionals, engineers, researchers, and practitioners working in the
field of industrial robot safety. For the first time, this edition also includes an English translation. We would
like to express our sincere gratitude to Ceren Ucan and Dr. Nafiseh Farajirad, whose dedicated efforts made
this translation possible.

We hope this book will prove to be a valuable resource for its readers.

10.08.2026

Asst. Prof. Riistii Ugan

Assistant Professor Ali Orhan Karacigan
Erhan Eskicumali
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SYMBOLS AND ABBREVIATIONS

DOF Six Degrees of Freedom

ANSI The American National Standards Institute
Auxiliary Function of Safety Heat Curtains Allowing the Insertion of an Opaque Ma-

BLANKING terial into Parts of the Collaborative Area Protected by the Light Curtain without
Causing the Machine to Stop

CC Computational Component

CE Concurrent Engineering

CEN Committee of European Norms

CEN European Committee for Standardization

CENELEC European Committee for Electrotechnical Standardization

CERA Composite Ergonomics Risk Assessment

COBOT Collaborative Robots

CPPS Cyber-Physical Production Systems

CPS Cyber Physical System

CRCPS Collaborative Robotic Cyber Physical System

CSA The Canadian Standards Association

CTL Computation Tree Logic

CWS Collaborative Work Space

DFCA Design for Collaborative Assembly

DR Delay Rate

DOE Design of Experimental

DPU UDP/User Data program Protocol

EAWS Ergonomic Assessment Work Sheet

ETSI European Telecommunications Standards Institute

FMEA Failure Mode and Effect Analysis

FTA Fault Tree Analysis

HC Human Component

HCD Human Centered Design

HMI Human Machine Interaction System

HRC Human Robot Collaboration

IFR International Robotic Federation

IMU Inertial Measurement Units

IoT Internet of Things

ISO The International Organization for Standardization

JSA Job Safety Analysis

JSI Job Strain Index

KPI Key Performance Indicators

LLDN Low Latency Deterministic Network




SYMBOLS AND ABBREVIATIONS

MAC Manual Handling Assessment Chart

MAC Medium Access Control

MSD Musculoskeletal Disorders

MTTFD Mean Time to Dangerous Failure

MUTING Temporary Disable

NCS Networked Control System

NIST National Institute of Science and Technology
OCRA Occupational Repetitive Actions

OSHA The Occupational Safety and Health Administration
OWAS Ovako Working Posture Analysis System

PC Physical Component

PCB Printed Circuit Board

PFHD Probability of Dangerous Failures Per Hour
PHRI Physical Human Robot Interactions

REBA Rapid Entire Body Assessment

RFID Radio- Frequency Identification Technology
RF-PECVD Radio Frequency- Plasma Enhanced Chemical Vapor Deposition
RIA Robotic Industries Association

ROS Robot Operating System

RPN Risk Priority Number

RSS Received Signal Strength

RT Reaction Time

RT Reverbation Time

RULA Rapid Upper Limb Assessment

SAFER-HRC Safety Assessment Through Formal Verification In HRC Applications
SD Safety Distance

SEA Series Elastic Actuator

SIL Safety Integrity Level

SMF Smart Mini-Factory

SRP/CS The Safety Related Part of A Control System
STAMP Systems Theoretic Accident Model and Process
STPA System Theoretic Process Analysis

ucC Unsafe Components

UML United Modelling Language

vC Virtual Commissioning

VSA Variable Stiffness Actuator

WPAN Wireless Personal Area Network

WSN Wireless Sensor Network

SEA Series Elastic Actuator

SIL Safety Integrity Level




1. INDUSTRIAL ROBOT

As China’s production possibilities affected Europe and the USA along with the whole world, Germany
had brought up Industry 4.0 at the Hannover Fair in 2011, and in 2012 after the German Robert Bosch GmbH
and Henning Kagermann working groups had sent the files that they prepared to the German Government, the
4th Industrial Revolution / Industry 4.0 has officially begun, the USA, Japan and European countries came
together and took the first steps of the 4th Industrial Revolution against China.

One of the most important innovations of Industry 4.0, which set out with various slogans such as smart
factories, internet of things (IoT), 3D printer, machines that communicate-talk to each other and collaborative
robots, was allowing robots who were forced to work alone behind fences in cages to leave their cages. These
very expensive smart machines, programmable by qualified programmers, would now be able to work with
humans.

These very expensive smart machines have become easily programmable by everyone, can be easily pur-
chased even by SMEs who want, and have been able to successfully perform flexible and routine works in
the last 10 years. In course of the collaborative tasks of these smart machines which are also allowed to work
with humans in the safe working area that allocated to them, when it becomes a current issue that possible
involuntary movements of both sides, crushing, jamming, injury or bone fracture due to their close relations
with the operators, it was determined that the existing standards that previously prepared for traditional robots
were insufficient and new technical regulations were required.

Traditional robots were working on their own and, if it’s not allowed, their workstations could not be ac-
cessed. On the other hand, collaborative robots were supporting the humans they work with, and they were
carrying out the process by collaborating with them in some processes. Due to this collaboration, various limi-
tations (limit values) have been identified for these smart machines, which are called Collaborative Robot or
Cobot, to enable safe cooperation between humans and robots, Recommendations and limit values to be used
in risk assessments proposed to be made for possible risks and dangers both during design and after integration
into the systems where cobots will be used, are included in ISO / TS 15066, which is prepared especially for
collaborative robots. And also, in this technical specification draft, the relevant standards that should be taken
as reference in terms of machinery and safety and security are also recommended.

1.1. Human-Robot Collaboration

With the start of Industry 4.0, collaborative robots had begun to replace traditional industrial robots, that
have been used in many applications nearly 50 years. In fact, collaborative robots, which are a continuation of
industrial robots, have become much more preferred due to their ability to both support them with humans and
work together with them. The fact that cobots can be able to work together with humans instead of working in
private areas reserved for them like traditional robots, to learn their job easily, and programming can be done
by unqualified people who have received a short training, rather than by qualified programmers as in industrial
robots, has made them more attractive and commonly utilizable in many applications. Although cobots are a
relatively new technology, that doesn’t mean they are difficult to use. In fact, cobots are designed to be easier
to operate than traditional industrial robots. Until recently, industrial robots were the only option when a pro-
cess was wanted to be automated with robots. Until cobots began to be used, what most people thought about
robots was that they were big, heavy, and expensive aids.

Industrial robots were developed to meet the needs of high-volume production, such as in the automotive,
aerospace and consumer goods industries. On the contrary, Cobots are designed for the production of large
quantities of different parts, most of which are found in small and medium sized enterprises. In fact, industrial
robots and cobots have many similarities. Cobots have several advantages that can be a perfect fit for many
enterprises, not just small and medium enterprises. (Table 1).
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The most common applications of cobots are as follows:

Machine tending (loading), as required by the process, robot loads the workpiece to the machine and
takes it from the machine after processing, while the operator continues to do the other tasks assigned to him,

Pick and place, the robot takes the part from any machine or belt involved in the process and puts it on
another machine in the system for the next process or places the parts or products in boxes in the packaging
process,

Assembly, the robot performs simple part-assembly tasks that require low dexterity, after the robot comp-
letes the simple assembly task, the part to be assembled is taken to another area by the robot, the operator
completes the assembly process in this area,

Quality testing, the robot loads products into a quality testing machine and removes them once testing is
complete.

Other lightweight applications, the robot performs basic packaging, finishing, gluing, and other such
tasks. Cobots can do most of the simple, boring, repetitive and low value-added tasks that humans do, so long
as they don’t require great dexterity.

Table 1: Comparison of the benefits of industrial robots and cobots (Getting Started with Collaborative Robots, t.y.)

Industrial Robots Cobots

Move parts around

Follow a route/path

Work autonomously for extended periods of time

Increase productivity and product quality

NI ENIENIENIEN

Reduce musculoskeletal injuries in workers

Require sensors and/or fencing for safety

Require extensive robotics knowledge to integrate

Take up lots of floor space

SN N N N N N N N AN

Are expensive

Easy for non-experts to program

Easy to slot into the existing workspace

Easy to reconFigure for new tasks

Easy to move from one task to another

IR IR RN PN

Quick to set up

To decide which operations will be done by robots: Before starting the robot and the related work cell
studies, it is necessary to decide on which tasks previously done by humans will be automated for what purpo-
se. The task to be automated may not be suitable for the robot, or the robot may remain far from the desired
efficiency due to process characteristics.
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1.2. Matters to be Considered in the First Automation Attempt to be Made with a Robot in the En-
terprise

Task Feasibility: Although a particular task might seem like a good candidate for automation (perhaps
because it’s boring and repetitive), it might not be the best fit for cobots. That’s because cobots and humans
have very different skill sets/abilities, although some works are easy for a human, those works can be difficult
for robots, the opposite of this argument is also valid, in some cases, while the work done by humans cannot
be fully efficient for various reasons, very different results can be obtained if robots/cobots do the same job.

The cobot that can be used successfully in any enterprise should have two main properties:
» Highly predictable,
* Repeatable,

Many tasks have one of these properties. For example, the work in the pizzeria is highly repeatable, althou-
gh the product produced at the end of the process is pizza, the ingredients and sauces used in the pizza can vary.

However, when we talk about combining the pieces of Lego, the product that will be obtained at the end of
the work will not be different from what we predicted. For this reason, the task we intend to get the cobot out
of must have highly predictable and repeatable properties.

Predictability of the task: Tasks are highly predictable when the objects to be manipulated are always the
same and they always arrive at the same location.

Some properties of predictable tasks:

* Ordered objects, a series of objects that is always handled in the same order, the cobot can repeat this task
continuously,

« Similar objects, Objects with the same or very similar dimensions, weight range, physical form. This al-
lows for quick changes between products without the need to change tools or grippers.

* Regular objects, objects with little variation from one to another. Your cobot can handle some irregularity
with the right choice of gripper, but regular objects are much easier to work with.

» Regular part presentation, objects are arranged in a deliberate, consistent order. Matrices and trays with
parts to be treated are often used for part presentation, processes involving fixed matrices are the easiest to
automate, as with the trays, the cobot can be programmed to remove the empty tray and bring a new tray
to the same spot for parts to be picked again.

Task Repeatability: The steps of the task are the same every time and can be repeated over and over again.

» Consistent operation: The task does not vary between objects in a batch and does not vary much between
different batches.

* Long-term operation: As the operation will repeat many times, it is not possible to automate a one-time-on-
ly troublesome operation.

* High-demand operation: Operations best suited for automation are consistently done the same large num-
ber of tasks.

Three Easy-to-Implement Cobot Tasks are outlined below:

Machine Tending/Loading: Machine loading or tending is one of the most common cobot tasks. There
is no need for complex programming of the robot for this task, and in this method, which does not need to
communicate with other equipment, the system does not contain many sensors. They are mostly preferred for
loading parts to CNC machines, quality testing machines or three-dimensional machines or removing the work
piece from the machine. In classical methods, when the operator performs these tasks, he/she waits for the
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work to be finished at the machine between loading and unloading, and if this work is done by the cobot, this
eliminates a lot of non- value-added work.

Pick and Place: This is the second most popular application where cobots are used, it is used for the tasks
of picking similar geometric shaped objects from a certain place and arranging them in another position in the
desired shapes or sizes without the need for an extra sensor.

Dispensing: Sticking labels or writing labels on any packaging material can be successfully performed by
cobots in terms of removing and accelerating routine work and always in the same format. With a command to
be given to the robot effector, it is performed by repeating the same movements at a certain time on a desired
path. In this method, there is no need for an additional sensor.

Tasks that Require Extra Sensors:

Finishing (with force sensors): Finishing involves using the robot to move a finishing tool (such as a buf-
fing tip) over the surface of a product. This process usually requires a force sensor because polisher tools set
must be applied to the surface with a constant pressure. If a force sensor has to be used, Force Sensor can be
attached to the robot in minutes, this makes integration much easier than it was in the past.

Assembly (with Force Sensors): Assembly tasks can be done in a variety of ways, but most of the time,
during assembly, a controlled force must be applied during pushing parts together, for this, this task is helped
by adding a force sensor to the robot.

Pick and Place (with Vision Sensors): Pick and place applications can be made more flexible by adding
a vision sensor to detect the position and orientation of objects.

1.3. Seven Factors That Create Automation Challenges

Seven factors need to be examined in order for robots to be used in any application, otherwise, bringing
these robots to the desired conditions will cause more energy, labor, time and finance costs. Although these
factors seem simple at first, if not studied in detail, they can quickly cause various risks, dangers and problems.
The best strategy is to start small and work your way up to more complex projects over time.

1. Unstructured Part Presentation: For humans, it can be very easy to pick up objects that are together ran-
domly, throw them into a box or bucket and take them up again, however, although robots have an advan-
ced sensing, they need a proper configuration to ensure that they can receive objects correctly and risk-free.

2. Widely Divergent Objects: Robots can detect more than one object and accordingly pick it up from one
position and transfer it to another position, this is easier with different geometrical shaped materials, but in
similarly shaped materials this problem needs to be examined very well.

3. Conveyors: Conveyors, which are commonly used in factory automation, are among the most preferred
equipment to offer the products to the service of the robot. To detect moving objects, a vision system or
part detection sensors must often be added, advanced programming is needed to get the robot to move to
the right position and grasp the moving objects.

4. Complex Sensing: It is not easy to detect objects at all times, in any position and with every sensor, the
sensor must be selected by examining the process conditions. For example, with the new fixed laser light
camera systems that built 3D models of objects and the environment of the robot, it is possible to both
detect an object in 3D and to calculate the best grasping configuration.

5. Integration with Other Machines: In some cases, it may be necessary to integrate the robot with multiple
machines to run the process. This process, which is very complex and demanding in traditional industrial
robots, can be easily solved with a very simple process in new generation collaborative robots. A robot to
be commissioned to input or output a machine, provided they use the same interface, it can be coupled with
other machines with remote control or cable in a very short time.
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6. Logic: Humans are natural problem-solvers. If we see a bottle lying on its side, we straighten it right
away. People show various reactions while holding or grasping objects using their logic. However,
robots can do as much as what they have been taught in their programs, trying to teach the robot more skills
make its program even more complicated. Commands given to robots must be precise and must not allow

hesitation.

7. Advanced Force Control: It is very easy to get the robot to move in a straight line, however, requiring
the robot to apply a force for the duration of its movement requires a much more difficult and complex
program. These points will need to be considered in great detail during the risk assessment, as the more

advanced types of force control to the robot during implementation are a complex program.

1.2. Building a Cobot Deployment Team

One of the biggest challenges of introducing robots into a workplace is overcoming the fear of the working
team that the robot will take jobs away from them. However, the purpose of using robots is not to make people
unemployed, but to eliminate monotonous and repetitive jobs, to increase production, to protect people from
dangerous jobs and to direct employees to jobs with higher added value. This will further increase producti-
vity, quality, well-being and worker morale. Employees should be informed that they should cooperate with
these robots, that the results obtained as a result of this cooperation will be more punctual, error-free and will
provide the same quality for all repetitive works, and that they can protect their health even in environments
that are risky for their health. In workplaces where robots or cobots will be used for the first time, small teams
should be established and employees should be trained to love robots. Otherwise, employees who think that
robots will take their jobs will be hesitant to work with them, and those who have bad intentions will take

initiatives that prevent the robots from working and maybe cause accidents. Recruit Team Members:

A successful cobot deployment team must have expertise in the following areas:

1. Robotics,
2. Project Management,

3. Manufacturing Process,

The team to be formed should consist of members qualified to fulfill the ten tasks specified in Table 2.

Depending on the size of the project, members of the team can undertake several of these tasks.

Table 2: The roles of the cobot team (Getting Started with Collaborative Robots, t.y.)

Manufacturing manager Programmer
Project Leader Operation and maintenance worker
Project Coordinator Process Advisor
Engineer Procurement Specialist
Installer Continuous Improvement Specialist

1.3. Benefits of Cobots

In the enterprise, especially during the initial commissioning of a robot, employees may have various con-
cerns about job loss, technological uncertainties and the failure of the project. Addressing these concerns at
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the beginning of the project will help in solving some important problems that may arise at a later stage, and
it will be easier to convince the employees.

We can summarize three important benefits of cobots as follows;
1.4. Bringing Management and Workforce Together

Many people are afraid they’ll lose their jobs if a robot comes into the factory. However, in many facili-
ties where cobots were put into operation, workers were not fired, and they were assigned to jobs with higher
added value, requiring more manual skills and human intelligence. It has been observed that production has
increased and the need for new workers has arisen in some facilities where applications have been initiated.

1.5. Fewer Work Accident and Injuries

One of the most practical advantages of collaborative robots is that they can improve ergonomic prob-
lems in the workplace. One of the applications where robots are most successful is repetitive jobs where jobs
are most injured. Repetitive movements can cause musculoskeletal disorders and, in some industries, many
working days are lost due to injury. A study conducted in the European Union in 2007 found that 35% of lost
working days cause musculoskeletal disorders caused by repetitive movements. In an article by Matt Midd-
lesworth of Ergo-Plus, 400,000 people in the USA have been treated for musculoskeletal diseases caused by
repetitive movements, which cost more than $ 20 billion.

1.6. More Interesting Jobs

Robots are great at boring jobs as in drilling multi-holes. It is also tedious to constantly load or import parts
into a CNC machine, whereas set-ups, quality inspections and robot programming are much more stimulating
tasks for employees.

Nobody likes to do dull tasks. However, every business has some boring but necessary jobs which some-
one has to do. A cobot designed by examining the process can easily perform these tasks. If you give these
boring jobs to the robot and explain these details to the employees, the motivation of the works will increase
in a positive way. In most cases, any fear of robots that existed before the first application is quickly forgotten
after the first robot is installed. People quickly realize how much the robot can help them in their work. (Get-
ting Started with Collaborative Robots, t.y.)

1.7. Bringing Management and Workforce Together

After the application is selected and the members of the team are determined, the design phase of the cobot
can be started. Before moving on to the design, the team must agree that the chosen application is exactly the
right option, as it will be necessary to explain this to future employees. In the early stages of the design, the
metric values for the quota will be determined and the key information that will facilitate the persuasion of
both the management and the employees will be determined and this information will be detailed. For examp-
le, to be able to convince the management, instead of expressing uncertainty such as “the robot will excite the
production” to be used, quantitative but provable offers should be submitted such as increasing production by
20%, improving our quality standards, reducing our waste rates from 7% to 2% or paying the price at the end
of a year. The five parameters that can generally be offered for this are as follows;

Quality: People generally think speed is the most important feature of robots. However, the most distinc-
tive aspect of robots or cobots is that they perform the task assigned to them completely, at the same time and
in the same way each time. Therefore, in the system where cobots produce, each product has the same quality
as the previous one and was produced in the same period of time.

Throughput: When cobots are used in the same production system, they always have the ability to inc-
rease production. This may naturally be due to the fact that the robot works faster than a human could, but
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robots have the ability to work 24/7 without any breaks. For this, in order to make a numerical comparison, it
is necessary to calculate very well the processes in which the cobot does the same work as the net production
processes in manual operation.

ROI potential: Cobots usually have a quick payback period compared to traditional industrial robots.
When comparing the costs associated with automating this process with increased production/output, impro-
ved quality, 24/7 availability and labor wages abolition, the quantitative results should be calculated. In some
enterprises, these accounts should be included in the accounts in case of frequent occupational accidents and
serious job losses, as they are traditionally made.

Time: Cobots can increase your employees’ productive time. By moving a worker to a greater value-ad-
ded task, you increase that worker’s productivity. Plus, cobots reduce downtime because they work without
slowing down or taking breaks. At this stage, the system with less non-value-added should be better identified
and when a new job is to be given to the cobot, the preparation times until the new jtask should be calculated
correctly.

Value: In business, value refers to anything the customer is willing to pay for. That doesn’t mean all
non-value-added operations are unnecessary.

Some, like packaging, must be done. By assigning these tasks to cobots, you and your employees are free
to focus on operations that create value. In production management, since each station that makes production
in the production process is a customer of the previous station, when a cobot is added to the system, the cal-
culation of the added value created for the next station and the final customer will definitely affect the decisi-
on-making and persuasion processes.

(Source: Getting started with collaborative robots’ series, t.y.)

2. COBOT AND ELEMENTS

The design phase can be started after all the questions of the employees and the management about transi-
tion to cobot are answered and their concerns are resolved. In the first stage of the design, first of all, the scope
of the project, roles and responsibilities should be defined and the timetable should be determined. After the
definition of the task to be performed, the robot’s tasks, the robot’s layout and movement area, the tasks and
the work to be done are matched and the work cell of the cobot is detailed.

1. Before proceeding to the cobot design, the process of automation and process analysis should be done,
existing inputs, outputs and process details should be determined by examining the existing layout.

2. The tasks to be transferred to the cobot should be determined, the input-output details of the robot that
will work in the work cell should be extracted.

3. The current working area and the collaborative areas where the cobot will work should be compared,

4. After the tasks to be given to the robot are clarified and the settlement area where it will work is deter-
mined, all investment expenditures related to the robot / system investment and the return period of the
investment are determined and the design process is started.

* Inputs: What and how objects are presented to the robot.
*  Output: The product produced by the robot.

» Process: The value-added tasks that the robotic cell will perform or support.
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Table 3: Effects of input properties on selection of cobot, effector, and sensors (Getting Started with Collaborative Robots, t.y.)

Effects of Input Properties on Selection of Cobot, Effector, and Sensors

Property Affects Hypothetical Application
«  Programming Options As the objects are placed randomly, additional
Part Arrangement S sensors to detect them and advanced program-
« Sensors

ming is required.

The objects are packed so closely together that
a chunky gripper cannot access them, instead of

Object Spacing »  End Effector Size this, a gripper with narrow fingertips must be
used.
o  Programming Options
e  Sensors The objects are delivered to the cobot on a con-
Delivery Method veyor belt, complex programming is required

«  End Effector Type for the cobot to pick up moving objects.

o Cobot Type

The objects are packaged in closed boxes, so
Packaging Method o End Effector Type the end effector must be able to grasp both the
box lid and objects.

Table 4: Effects of output properties on selection of cobot and end effector (Getting Started with Collaborative Robots, t.y.)

Effects of Output Properties on Selection of Cobot and End Effector

Property Affects Hypothetical Application

. A cube of 200 mm must be moved 1
* Cobot Size m, so the gripper’s stroke should be

. End Effector Stroke at least 200 mm and the cobot’s reach
should be at least 1 m.

The object is a foam block, so the end

Object Dimensions

. . effector must not be a vacuum cup (or
Object Material ¢ End Effector Type else the cobot won’t be able to lift the
block).
Cobot Pavioad The object weighs 5 kg, so the gripper
. obot Payloa ;
Object Weight must have a payload capacity of at

. End Effector Type least 5 kg—which in turn affects the
cobot’s required payload capacity.

The cobot outputs parts with a variety

Object Type(s) . End Effector Type of shapes and sizes, so it requires an
adaptive gripper.
. Cobot Speed The cell is supposed to output 150
Required Speed parts every hour, so the cobot and end
. End Effector Speed effector must be able to keep up.

The cell’s output affects the choice of cobot and end effector.

Process: The cell process affects your choice of cobot, end effector, and programming options. The process
also affects the size of the robot and cell dimensions, because the cobot must have everything it needs within
arm’s reach.
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Table 5: Effects of cell process on selection of cobot and effector, and programming method
(Getting Started with Collaborative Robots, t.y.)

Effects of Cell Process on Selection of Cobot and Effector, and Programming Method

Property Affects Example

The task involves welding, so the
Task Type o End Effector Type cobot’s end effector must be a special
process tool.

The task requires the cobot to push a

« Cobot Reach button that is 1 meter away from it,
Distance Between Components . ' so the cobot must either have a reach
+  Cell Dimensions of at least 1 meter, or be moved clos-

er to the button.

Easy programming options, such as
Task Complexity e Programming Options Robotic Skills, can reduce the diffi-
culty of complex tasks.

The task requires the robot to inter-
face with other

Interfacing Requirements o  Programming Options ) ] )
machinery, so programming will be
more complex.

Note: Table 5 provides guidelines for preparing the task map of the cobot.
1.1. Main Features Emphasized in Cobot Design

Payload: Payload refers to the amount of weight a cobot can safely handle. Until recently, cobots could
only work with relatively light objects. In recent years, robots that can be used for heavier materials have star-
ted to be produced. In robot design, when calculating the lifting power, the weight of the gripper at the end of
the robot arm must also be taken into account.

Reach: Reach, refers to the maximum horizontal distance that the robot’s end effector can move away
from its base. In general, bigger robots can reach further. However, the greater the reach of the cobot, the more
valuable space it occupies in the production area. During the creation of the robotic task map, the distances in
the area where the robot will work must also be calculated.

Repeatability: Repeatability is often confused with accuracy or precision. With traditional industrial robo-
ts, both repeatability and accuracy are important but repeatability is extremely important in terms of ensuring
the continuity of quality in cobots and getting the same production data every time. Repeatability refers to the
robot’s ability to return to the same position every time, while accuracy refers to the robot’s ability to move to
a specific programmed position.

Accuracy isn’t so important because we tend to program cobots by physically moving the end effector to
the desired location (e.g. with hand- guiding), rather than by typing exact coordinates. However, the important
thing here should be the ability to repeat this movement continuously when we move the cobot manually to
a position. It’s possible to improve a cobot’s repeatability either through mechanical stops or force sensing.

Ease of Programming: One of the main advantages of cobots is how easily they can be programmed.
Easy-to-program robots will be quicker to deploy, and their operators will require minimal training. In addi-
tion, the large number of operators who can perform programming will minimize the risks that may arise in
programming.

Safety: Cobots are designed to work safely alongside humans. However, not all robot manufacturers desc-
ribe the robot’s safety features in the same way. However, any cobots must meet the following minimum
criteria with regard to safety.
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*  Which safety standards it adheres to (e.g., ISO / TS 15066, TUV certification),
* Which safety features it includes (e.g., impact detection, limited motor power, soft external skin).

* The clearest indication of cobot safety is compliance with ISO/TS 15066, the first technical specification
to outline recommendations for safe collaborative robot applications. Just because a robot has certain cer-
tifications or safety features, it doesn’t mean your application is inherently safe. End effectors, accessories,
and the nature of the task all affect safety, so you must always perform individual risk assessments.

Other Useful Specifications: Although the five specifications mentioned above are very important in
cobot design, the following criteria should also be emphasized in the design of cobots to be used in some app-
lications. (Owen, 2016)

Weight: The weight of the cobot is important in terms of its placement. For example, a lightweight cobot
can be attached to a table or another machine without risk of destabilizing your setup, and it’s easy for one
person to move the robot around. However, a heavy robot must be bolted to the floor or plinth so that there are
no jolts, vibrations and collapses during production, in this case it is not very easy to move to a different part
of the plant and make it operational there.

Speed: Robot manufacturers provide speed in terms of either distance over time meter/sec or rotation over
time degrees/sec. But although speed is vital for traditional industrial robots—since their users are always
seeking to reduce cycle time by fractions of a second—cobot users need not be so concerned with this specifi-
cation. In fact, low speed can be much better for safety as cobots work with humans, but the shorter cycle time
of the cobots is more important than speed values.

Ability to Accelerate: Acceleration determines how quickly a robot can reach full speed. (Typically, both
speed and acceleration are adjustable.) As with high speed, rapid acceleration is dangerous, so this specificati-
on is more important for traditional industrial robots than cobots. Cobot acceleration should be slow, smooth,
and steady—never abrupt—and should give nearby humans enough time to notice that the robot is moving.

Degrees of Freedom (DoF): Degrees of freedom, or DoF, is a fundamental robot specification. It indica-
tes how flexible a robot is for positioning its end effector. Some task specific cobots like SCARA (Selective
Compliance Articulated Robot Arm) robots have 5 or fewer DoF, which restricts the orientation of the end
effector. Others have 7 or more DoF, which provides greater positioning flexibility, but also entails more
complex programming. But, most cobots have 6 DoF: which is the minimum necessary for the end effector to
reach any orientation. For that reason, DoF is not usually a deciding factor when picking a cobot

Environmental Specifications: If your robot is at risk of being splashed with liquids, coated with dust,
or affected by other environmental conditions, the Ingress Protection (IP) rating is an important specification.
The IP rating gives you an idea of the robot’s ability to withstand environmental hazards.

Robot Life Span: Manufacturers assume that the life span of a cobot is between 30,000 and 35,000 hours
under varying operating conditions, which corresponds to approximately 4 to 4.5 years. However, the number
of robots assigned to the loading of CNC machines that have been serviced for more than 10 years is substan-
tial. Another important advantage of cobots is that they should be easy to program.

How to Pick the Best End Effector: Most cobots are not sold with their own end effectors. The end effe-
ctors need to be selected according to the applications in which the cobots will be used.

Types of End Effector: There are almost as many types of end effector as there are robot applications, the
most common ones:

» Grippers, multi-purpose end effectors are suitable for most applications (including pick and place, machine
tending and assembly),

* Process Tools, such as paint guns, ending attachments and milling bits. These are used to work directly on
the workpiece.
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* Sensors and Cameras, technically these aren’t actually “end effectors,” they attach to the end of the robot’s
arm, and transform the robot into a positioning device for advanced sensing.

» Custom End Effectors, which are built according to people’s specifications for particular tasks.

1.2. Five Important Specifications for Grippers:

1. Payload: Cobot payload, it refers to the maximum weight the gripper can handle. As required by the pro-
cess, the gripper either grasps the object completely or continues the process by taking advantage of the
friction force with its fingertips. Even if your robot can carry 100 kg, if the end effector can only carry 5
kg, the cell will be limited to handling 5 kg at a time. (Image 1 (A))

2. Force: Gripper force specifies the squeezing force that the gripper can apply to an object. This is the
only force keeping the object between their fingers. For heavy and durable materials, it is okay to have
high strength, but care should be taken to have low grip strength for non-heavy or fragile materials. The
maximum gripping force is about the length of the fingertips. For instance, in some cases, the maximum
grip force will be reduced if you attach long custom fingertips. With adjustable force grippers, greater grip
values can be achieved by applying less/smalest force. For example, values from 0.92 N to 235 N (such
as 2F-85 grippers from Informatiq) can be obtained by applying smaller forces with adjustable grippers
produced by some companies. However, this specification may not be found in the grippers produced by
every company. (Image 1 (B))

3. Stroke: Stroke represents the distance between the fingertips when the gripper goes from fully closed to
fully open. When choosing a gripper, a selection is made according to the width of the parts to be grasped
according to the process. A 50 mm stroke indicates that the gripper can grasp parts between 0 and 50 mm.
(Image 1 (C))

4. Weight: If the robot’s payload capacity is 5 kg and the girpper’s weight is 0,8 kg, it means the robot-grip-
per combination can only be used in the objects of 4,2 kg.

5. Energy Source: The gripper’s energy source may affect the type of cobot that it can be used. If the robot
is not compatible with a gripper’s particular energy source, such as electric, pneumatic, magnetic, vacu-
um, or hydraulic, it is not possible to use them together. Some cobots come with pre-attached electric or
pneumatic connectors. This means they will be better suited to grippers of this type. In general, electric
grippers are more flexible than pneumatic because they don’t require a separate supply of compressed air.
(Owen, 2016)

(A) (B) (C)

Figure 1: Gripper Types and Specifications
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1.3. Choosing the Right Sensors

Many cobots used today need vision detection to detect parts more accurately. If there is no easier way to
achieve the same effect without adding complexity to the robotic system, sensors with visual perception must
be used. In simple applications, perhaps no sensor may be required, but it will be necessary to use sensors with
various features depending on the complexity of the operation.

While the addition of sensors provides system simplification in some cases, wrong sensor selection can
make the system more complex. However, each correctly selected sensor will make the application more ro-
bust and reliable. Robustness is a form of flexibility; it refers to the ability to adapt to planned changes. For
example, when you add a vision sensor to a robot, the robot gains the ability to detect and grasp objects pre-
sented in random orientations. During system design, adding a new sensor can create a more reliable working
environment, but the system will become a little more complex, making it difficult to integrate, program, and
maintain the robot. Plus, adding sensors sometimes reduces the system’s “agility” (the ability to adapt to unp-
lanned changes), which makes it harder to move the robot from one task to another. For these reasons, cobot
users are often prevented from adding extra sensors for the first time cobot users. It is recommended that they
keep the system simple and do not use too many sensors.

The types of sensors that can be integrated with robots include barcode readers, 3D laser scanners, light
curtains, safety mats, photoelectric part detection sensors, and many more. In order to add new sensors to the
system, it would be appropriate to search for answers to the following questions;

*  Which functions of the robot are the most important should be listed in order of importance,

» In what ways could the new sensor improve the flexibility of each of these functions?

* In what ways could the new sensor reduce the robot’s overall agility?

* Could this be solved by using a different version of the sensor (e.g. a different camera system)?

*  Which other tasks would also benefit from the sensor to improve the flexibility of another part of your
operation?

» What are the top benefits that the flexibility could give to the business?
*  What are the top benefits that the flexibility could give to the business?
* How might the effect on the robot’s agility affect the business?

» Some applications can benefit from extra sensors are; palletizing, machine tending, pick and place, dispen-
sing, polishing, assembling, quality control, welding, product testing.

» Top 4 Sensor Types for Collaborative Robots:
* Vision Sensor,

* Force Sensor,

» Safety Sensor,

» Part Detection Sensor

Each cobot manufacturer company has developed various sensors for various applications either by them-
selves or through their subsidiary industries. The sensors have various advantages and disadvantages compa-
red to each other. 2D and 3D vision sensors are also selected according to the applications to be used, while
2D vision sensors will be sufficient in some applications, it will be appropriate to select 3D sensors in terms of
security in others. The advantages of 2D and 3D vision sensors are shown in the table below.
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Although the vision sensor, force sensor and part detection sensors help to create a safe collaborative
environment, they are mostly used to ensure that production runs smoothly, there is no stoppage in producti-
on, production is not interrupted and production loss due to these stops. The task of ensuring security in the
collaborative environment and minimizing the risks that may cause occupational accidents mostly depends
on the well-chosen and correct operation of the security sensors. Part detection sensor types are classified as;
photoelectric sensors, ultrasonic sensors, mechanical sensors and safety sensors.

Unlike force and part detection sensors, safety sensors don’t add extra capability to a robot. Instead, they
help to ensure that a robot is not a danger to human workers. Since collaborative robots are designed to work
with humans, it might seem that safety sensors are not necessary. In fact, safety sensors may not be as vital as
with traditional industrial robots. However, they are very important in terms of determining the human presen-
ce and proximity to the robot, especially in the collaborative workspace. Safety mats, infrared light curtains,
ultrasonic and photoelectric sensors, and even laser vision technologies constantly provide information about
the entry of the robot or something into the restricted workspace, trying to prevent risks that may arise in terms
of safety. (Owen, 2016)

2.4. Types of Safety Sensor:

e Light Curtains are the sensor equivalent of traditional safety cages. Light curtains are photoelectric de-
vices with two or more photocells. These sensors are used with reflectors or mutually. The light curtain
sensor detects entry into a restricted when one or more beams are

* Safety Mats, pressure sensitive mats, are laid on the floor of a restricted zone and detect when someone
stands on them. They detect when a collision occurs.

* Perimeter/Edge Guards; are pressure sensor strips that are often attached to mobile robots.

* Single Beam Laser; these contain a single pair of transmitter and receiver modules, with a laser beam
between them. They detect when the beam is broken.

* Laser Scanners; use a scanning laser which builds up a 3D image of the workplace. They are basically
the same technology as is used in 3D vision, but instead of detecting objects they only detect when things
have moved into the workplace.

* Protective Robot Skin; Some collaborative robots have a sensorized outer skin which acts as a safety
sensor. The robot stops when the skin collides with something.

e Camera-based Safety Sensors; Just as 3D vision systems can be achieved with both camera and laser
technology, so too can safety sensors. These allow 3D zone monitoring using two or more calibrated ca-
meras.

2.5. Benefits of Adding Safety Sensors to Collaborative Robots

The benefits of safety sensors are not simply that they improve the safety of the system. These sensors can
also help to improve the performance of the robot.

Some of the benefits are:
» Allow the robot to be run at higher speeds when there are no humans in the workspace
» Allow the system to react to obstructions in the workspace, avoiding damage to the equipment.
» (Can contribute to a lower risk of the system, allowing it to stay within acceptable overall limits.
» Has the potential to reduce the floorspace required for the robot compared to traditional fencing.
* Allows the same robot to be used for both collaborative and non- collaborative tasks. (Owen, 2016)

2.6. Challenges of Adding Safety Sensors to Collaborative Robots

Compared to more complex sensors like vision, safety sensors are generally simpler to integrate into a system.
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However, there are still a few challenges when using them with collaborative robots, including:

* Detection is dependent on the size of the object being detected, so smaller objects may not be detected,
* Some materials such as thin metal or hair cannot be detected by some of the detection technologies,

* Material in the surrounding environment and airborne pollutants can affect some sensors,

» Proximity sensors placed too close together can interfere with each other. (Owen, 2016).

3. TRANSITION PROCESS FROM TRADITIONAL ROBOTS TO
COLLABORATIVE ROBOTS

The history of collaborative robots is not as old as the history of traditional robots, especially with the start
of Industry 4.0 in 2011, while the transformation to collaborative robots gained speed, collaborative robots
(cobots) started to be used in most of the new production lines. Collaborative robots were mentioned in EN
ISO 10218-2 without going into details at first, but with the use of new equipment and components in collabo-
rative robots, this standard has been found to be inadequate. Since it will take time to establish new standards,
the first definitions were made under the title of ISO / TS 15066 Robots and Robotic Devices-Collaborative
Robots, and various safety values regarding the collisions between the robot and the operator in a collaborative
work environment were presented to the attention of those who will make a risk assessment.

3.1. 15066 Recommendations for Collaborative Robot Design

Although the standards and basic information of collaborative robots are specified in ISO 10218-2 stan-
dards, the main details are explained in ISO/TS 15066. In addition to the robot system and the risk assessment
described in this standard, it also covers the following issues;

* Management of the grippers which grasp the parts by the robot during the operation, to prevent the part
from ejecting

* Making sure that the information is sent to the robot to verify the security of the virtual fences,
» Identifying the robot cell and sharp edges on the robot,
* Calculation of the safe distance related to human or any object contact to the robot,

PL assessment (Standard 13849-1 and SIL 62061) is used as a risk assessment method in collaborative
robots, these generally consist of the following criteria;

* Frequency of exposure,
*  What kind of injury could be caused by the risk considered,
* The probability of hedging the risk involved,

* The robot manufacturer company should choose the components on the robot, taking into account the
risks inherent in the robot and the application in which the robot will operate, all components must comply
with the safety level (SIL Standard 62061 / PLS Standard 13849-1) that will emerge as a result of the risk
assessment.

We can calculate the risk according to EN 62061 by estimating the following values.
Frequency and duration of exposure (Fr)
Possibility of preventing or reducing harm (Av)

Probability of a dangerous event occurring (Pr)

b=

Severity of Injury (Se)

SIL (Safety Performance Integrity Level) and PL (Performance Level) provide significant convenien-
ce in terms of risk assessment as standardized values with the application of the IEC/EN 6149-1 standard with
the above- mentioned standards.
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Figure 2: SIL according to EN ISO 13849-1 or EN/IEC 62061 (Matthias, 2017)

SIL/PL connections have been made legal in the EU as of 10/5/2015 in the designs and applications to
be made in accordance with EN ISO 13849-1 or EN/IEC 62061 standards. These standards also include
industry-specific standards and cover all the details from design to implementation. We can calculate the risk
according to EN 62061 by estimating the following values.

* Frequency and duration of exposure (Fr),

» Possibility of preventing or reducing harm (Av),
* Probability of a dangerous event occurring (Pr),
» Severity of Injury (Se)

In fact, the use of robots is quite old, and when we look at the standards mentioned above, we see that most
of them are based on the basic knowledge created for traditional industrial robots. there is a working robot, it
is actually a defined system. In EN ISO 10218-1, quite general information is given about collaborative robots
without going into detail. However, since the number of variables used by the manufacturers in the design of
the systems is very high, the IS/TS 15066 Robots and Robotic Devices guide has been prepared in order to gu-
ide the manufacturers even if there is no new standard. In this document, basic information about the units to
be used in the design of collaborative robots is given, and it is stated what would be the acceptable conditions
when these robots, which are thought to work with humans, collide with the people they work with.

What are the innovations in ISO/TS 15066?

In collaborative robotics, humans and robots can span an overlapping workspace. ISO/TS 15066 provides
guidelines for the design and implementation of a collaborative workspace that controls risk.

One of the base ideas behind ISO/TS 15066 is:

If contact between robots and humans is allowed and incidental contact occurs, then that contact will not
cause pain or injury.

To this end, ISO/TS 15066 provides a deeper explanation of ‘pain baseline’ data, maximum allowable
Robot power/speed, design criteria and collaboration techniques. Most importantly, for the first time, ISO/TS
15066 provides those doing risk assessments for collaborative robot applications with fixed data and formulas
to work with.

Pain Baseline Data:

Researchers at the University of Mainz in Germany, on behalf of the ISO Committee, studied 100 subjects
in a pain onset study and decided to apply various values of pressure and force to 29 areas of the human body
to establish force and pressure limits. As a result of the Mainz study, ISO/TS 15066 has compiled a list of
maximum force and pressure levels for each part of the human body. This data can be used to establish a set of
force/pressure thresholds that the robot must not exceed and is designed to guide robot design and integration.
Maximum Allowable
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Robot System Power/Speed:

ISO/TS 15066 outlines recommended power and speed limits for collaborative robot systems designed for
power and power limited operation. This section of the document contains the guidance needed to determine
the maximum allowable speed for robot adjustment so that it does not exceed the maximum value for End of
Arm Tooling/EOAT, an important element of robotics technology, and part robot system.

According to ISO/TS 15066, four types of collaboratives working methods are mentioned. As mentioned
earlier, the first 3 methods were the methods used in traditional industrial robots, the force and force limiting
method, together with 15066, is a method designed directly for collaborative robots. For this reason, only the
details of force and force limitation method will be discussed here, as details of the working method and stan-
dards related to industrial robots are given in other chapters.

* Power and Force Limiting Method:

In the first three methods, the operator and the collaborative robot were not allowed to move in the colla-
borative space at the same time, but were monitored, blocked, so the possibility of working with the robot and
the operator was low.

However, in this method, in the collaborative space, as a process requirement, the robot and the operator
must be in motion in the collaborative workspace, so in this method, the risk of contact or collision for both
must be evaluated. In the first three robot systems, the components used in traditional robots could be suffi-
cient to monitor and keep the system secure, but this level of security was not sufficient in collaborative robots
and the technical specification regarding the power and speed limitation method, which led to the preparation
of 15066, came to the fore.

Table 6: Human-Robot Contact (Matthias, 2017)

Transient Contact Quasi-Static Contact
Descrintion Contact even is “short” (50 < ms) Contact duration —extended Human
P Human body part can usually recoil body part cannot recoil, is trapped

Peak forces, pressure, stresses

lelt Cl‘lterla Energy tranSfer, power density

Peak forces, pressures, stresses

Effective mass (robot pose, payload)
Speed
Contact area, duration

Accessible in Design
or Control

Force (joint torques, pose) Contact
area, duration

O

¥

It will be necessary to use various sensors to reduce the impact of the collision and to reduce the speed and
force of the robot during the collision. In fact, in this method, which is the most suitable for the definition of
collaborative working environment, the system design and risk assessment should be done in the most approp-
riate way for collaborative work in order to prevent the accident and to minimize the damage to the operator
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by the robot after the accident. For example, in order to reduce crushing on the robot where there is a possibility
of jamming, easily removable units, safety switches or parts called soft joints that will cause less harm to the
operator during jamming should be used. The force limits that can be applied by robots to operators during
compression and the force values that the human body can be exposed to are given in ISO/TS 15066 docu-
ments. These values, which were assumed during the design, should be measured and verified on-site before
the system is commissioned.

Figure 4: Representative picture of force and force limiting method (Matthias, 2017)

These measurements should be made in line with the scenario constructed during the design, and after the
maximum working speed at the end of the measurement and the maximum safe forces that the robot can apply
to the operator in the event of an accident, this information should be introduced to the system. Since these
measurements are different for each production process, new values determined in line with the measurements
should be introduced to the new process after the production range is changed. The use of collaborative ro-
bots may not be appropriate in the production and similar processes of high speed, heavy sharp or pointed
parts, so it will be useful to discuss in detail the work to be done by the robot with the robot design.
company before ordering and to verify the suitability of the process for the collaborative robot. This method
is generally preferred in risky and complex processes, but in some processes, it is possible to use both of the
above- mentioned systems together. For example, in line with the scenario, low speeds may be appropriate in
terms of safety while conducting risk assessment, which means low production speed, but if it is ensured that
the operator does not enter the collaborative work area unless it is necessary in the process, then the speed can
be increased, collaborative robots can also be used in some complex production processes. However, safety
should be at the forefront in all this design.
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Figure 5: Combination of Speed and Separation Monitoring (SSM) and Power and Force Limiting (PFL) (Matthias, 2017)
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Figure 7: Challenges in Planning and Commissioning — (PFL Power and Force Limiting) (Matthias, 2017)

4. COBOT AND RISK ASSESSMENT

Risk assessment is a fact of life when working with robots. Even if collaborative robots are designed to
work safely with humans, a risk assessment is essential when using them. Safety sensors can be a good way to
reduce the risk of working with a robot without degrading performance. Industrial robots are also sometimes
used for collaborative tasks, using safety sensors for speed and separation monitoring.

However, incorporating only one safety sensor into the system is not a sufficient solution to reduce the risk.
It can be preferred to increase performance when the robot is operated at high speeds. For example, by adding
a safety sensor to a robot with a predicted working speed of 250 mm/s, the speed can be increased to 750 mm/s.
When there is no operator around, the robot continues to operate at this speed.
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4.1. The Basics of Designing for Safety with Collaborative Robots

The works that were previously done with various mechanical methods and with the help of some machi-
nes and tools in the production facilities, started to be done with automatic machines with the developing in-
novations, with the increasing use of technology, many jobs that were previously done by humans started to be
done with robots. In fact, industrial robots that have been used for decades have begun to leave their place to
collaborative robots since the last decade. Many business owners were very attractive to robots to work faster,
higher quality and more efficiently. With the increase in the use of robots, the fact that the standard regulations
related to possible work accidents and hazards that they may cause did not increase at the same pace, brought
some risk assessments to the agenda during the design and production of cobots. Although robot manufacturers
design by considering possible risks during the design, they should definitely follow the evaluations regar-
ding the possible risks that the robot, which will be integrated into a system later on, while fulfilling the task
assigned to it in that workplace, must also follow the evaluations. will exhibit some negative attitudes in the
system in which it is located. Traditional industrial robots worked in work cells that were fenced off whenever
possible, as they did heavy work that could pose more of a hazard.

With the emergence of cobots, it was necessary to examine the blind spots and robot/operator contacts, whi-
ch are not on the agenda in every industrial robot, during this collaborative study, since robots need to work in
cooperation with operators.

4.2. Resources for Understanding Cobot Risks

Just because these robots are advertised as “collaborative” and intended to operate as cageless robots alon-
gside humans does not necessarily mean cobots are safe. A “collaborative” robot holding a knife is in all like-
lihood no longer safe to operate without additional safety measures. When designing a collaborative robotic
cell, engineers must take into account the intended application of the cobot and the environment it might be
placed in, then develop a safety plan for each use case.

ISO/TS 15066 and RIA TR 15.606 are the newest and most important safety standards applicable to colla-
borative robotic cells in the industry today. These highlight the safety requirements for each of the four types
of collaborative robotic cells:

» Safety monitored stop,

* Hand guiding,

* Speed and separation monitoring,
* Power and force limiting,

Additional standards provide additional information on other hazards that may be exist in collaborative
robotic cells.

+ UL 1740 (Robotics and Robotic Equipment)
* ANSI RIA R15.06 (Industrial Robots and Robot Systems)
*  CAN/CSA Z434 (Industrial Robots and Robot Systems)
+ EN/ISO 10218-1
« EN/ISO10218-2
4.3. Evaluating Risk

While ISO/TS 15066 (RIA TR 15.606) outlines four different types of collaborative operation, the main
form of collaboration used in the industry today is the power- and force-limited application. This is where the
potential impact between a robot-human collision is limited by the robot itself—either inherently in the design
or through the use of a safety-rated robot controller, which can limit parameters such as speed and force.
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The first step in the evaluation as required by ISO/TS 15066 and (RIA TR 15.606) is to perform a risk
assessment in accordance with EN/ISO 12100. This risk assessment should consider the entire collaborative
workspace, access, clearances, and how an operator will interact with the robot. Each reasonably forese-
eable contact situation between the operator and robot must be considered. It is important to consider if any
stationary structures are involved and other aspects like the end-effector and workpiece.

The risk assessment must determine the nature of each type of contact from the following two
situations:

Transient Contact: A contact in free space where the robot and human can recoil.

Quasi-static Contact: Contact between the operator and a part of the robot. In this case, any part or organ
of the operator may be caught between the moving robot arm and a fixed or moving machine part in the robot
cell.Based on the type of contact, ISO/TS 15066 (RIA TR 15.606) assign specific impact force and pressure
limits for each part of the human body. Pain threshold is defined as the pain threshold that starts after the force
applied to various parts of the human body. After the possible points where the body can be hit are determined,
various values of force are applied to these points and the pain initiation values are determined, the contact sta-
tus is determined after each contact, classified and verified by testing in the human body.For quasi-static con-
tact cases, this verification is done using a suitable test device that mimics the essential properties of each part
of the human body. Since the hardness of the possible impact areas on the body will also differ during the test,
it is necessary to pay attention to this issue in the maps that will be drawn as a result of the test and where the
pressure/pain threshold will be processed. Pressure values from the smallest to the largest value to be applied
during the test and the effect of the body on it should be processed and verified on the maps. The data from each
collision is recorded and compared to the limit values published in ISO/TS 15066 (RIA TR 15.606). Transient
contact situations can be evaluated in two separate ways. In the first method, both the robot system mass and
the body region mass must be accounted for. This means that the test device must be attached to an apparatus
that allows it to move freely and must also be the same mass as the effective mass (MH) of the body part being
tested. The effective mass is defined in table. A.3 of ISO/TS 15066 (RIA TR 15.606). The same test procedure
as the quasi- static procedure is then followed. The second method of evaluation utilizes mathematics as op-
posed to physical testing. For each body region the maximum permissible energy transfer can be calculated as
a function of the maximum force or maximum pressure values given in table A.2 of ISO/TS 15066 (RIA TR
15.606). The calculation will show the maximum speed at which the robot can travel for each given situation.
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Figure 8: Force/time Signal Graph of Robot Collision (Braman, 2019)
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4.4. Collaborative Robot Risk Assessment

The safety standard defines collaborative robot as a robot designed for direct interaction with a human
within a defined collaborative workspace. The collaborative workspace is the space within the operating space
where the robot system and a human can perform tasks concurrently during production operation (work cell).

This work cell encompasses the robot system, which includes the work- piece, end-effector, fixtures and
any device controlled by the robot.

More information can be found in the Technical Specification TS 15066 and the Industrial Robots and
Robot Systems — Safety Requirements standard ISO 10218 parts 1 &2 / ANSI RIA15.06-2012. ISO 10218
parts 1 and 2 and ANSI RIA15.06-2012 are harmonized standards (Harmonized standard refers to the standard
adopted based on the request made by the European Commission for the implementation of the European
Union harmonization legislation), with differences only being minor grammatical changes.

Requirements: A risk assessment is required for all industrial collaborative robot systems. The integrator
is responsible for completing the initial risk assessment. There should be special consideration for situations
when there can be contact between the robot and operator(s). The end user should participate in the initial
risk assessment process and is responsible for maintaining the information and making future changes. Tasks
related to the collaborative workspace may require additional and new considerations. Risk assessment de-
termines if safety controls, hard guarding, etc. are needed for unauthorized people, auxiliary machines, and
non-collaborative processes. More information about risk assessment responsibility is listed in the ISO 10218
/ ANSI RIA 15.06.

Task Identification: Even if the robot does not move, other units in the system may be in operation, so
during the risk assessment, the points to be considered together with the entire system, including the robot, are
as follows;

* How long and how often the operator is in the collaborative workspace.

« Whatis the potential frequency and duration of contact between the operator and the robot? A collaborative
robot application should be reconsidered or redesigned if there is a high potential for head or neck contact.

+ To what extent does entering or exiting the collaborative workspace affect the process.

» If more than one operator is involved in the work area, the camera, sensor or other sensors in the system
should be designed with this possibility in mind,

» If additional tasks are to be assigned to the robot during the production process, monitoring and safety
tasks in the system should be reviewed, monitoring should be done according to the additional task to be
assigned,

» Ifthere is a possibility of jamming or crushing that may occur in the operator as a result of possible impa-
cts during the process, in dangerous areas, this may cause the design to be reconsidered, additional safety
measures may be considered,

* In which unusual situations may require manual control of the robot,
* Do the modes of operating the system at different speeds change the hazard levels?

+ Since the levels to be evaluated in each application will also differ, has the production process been exami-
ned in detail and key points of the process that may cause danger have been determined?

Hazard Identification and Risk Reduction: Conventional industrial robots that operate under the neces-
sary safety precautions and do not experience any danger, may come to the fore when it comes to working in
collaborative environments. Therefore, when using industrial robots as cobots in a collaborative environment,
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the design for the robot arm fork or gripper, fixture and part guiding needs to be reconFigured according to the
new concept. The issues to be reviewed during this restructuring are as follows;

* During work in the collaborative environment, is there an extreme temperature in contact with the robot
operator that could harm the operator? For example, the robot may be working with a hot glue gun at eye
level of the operator. In this case, the action of the hot glue gun must be designed to operate at a distance
from the operator’s eye level and to protect the operator’s eyes with PPE to protect it.

» If clamping forces on the end-of-arm tooling or fixtures can cause an injury, can the force be reduced? In
this case, the design criteria will be to design the manufacturing process in such a way that the clamps on
the robot end can be opened and closed when the operator is out of the working area, or the robot arm can
be retracted immediately if there is any contact with the operator and the operator is applying a force. In
this case, the impact of the next impact can be reduced by using softer material, rounding the edges and
creating wider contact surfaces.

* How can robot characteristics and operator position be changed to reduce possible unacceptable contact
risks? If the unexpected activation of the robot frightens the operator, the start signals are used or the res-
tart task is left to the operator.

» For any expected and unexpected movement, such as the falling of a piece, we must consider the possible
action of the operator. Not every person’s reaction will be the same in fatigue, stress, reflexes, talents and
interruptions.

* Could the sudden movement of the robot to escape, as a result of gloves or the operator’s clothing entang-
ling with the robot, cause a more dangerous situation, is there a need for an emergency stop button?

» Is the operator close to an application that requires shielding, such as welding sparks or a laser cutter?
Can operators be prevented from being exposed to these hazards by changing the layout of the production
collaborative volume or by using practical guards, if any?

* Are areas defined as collaborative or non-cooperative work volumes fully understood and properly cont-
rolled by the operator?

Risk reduction measures may not provide adequate protection. In traditional systems, risk reduction is
done with security protection methods. In collaborative applications, risk reduction is always included in the
design of the robot. The main measures to protect the operator from injury by reducing risk are stopping the
robot and limiting force and speed. For example, after the operator approaching the restricted area is detected
by the scanners that monitor the area, it starts sending signals to the robot and causes the robot to reduce its
speed. Here, the difference compared to traditional robot applications is to reduce the speed of the robot ins-
tead of stopping it.

This process needs to be supported by training and signposts. The control chart hierarchy may not apply
to all common applications. Among the protective measures to be determined during the risk assessment, if
deemed necessary, protective measures such as area limitation and safety-grade soft axis can also be taken.

The main thing is to eliminate or control the factors that may cause the risk of crushing. Although it is re-
commended in ISO 10218 / ANSI RIA

15.06 that the minimum distance between the robot and the operator should be 500 mm or the use of pro-
tective measures, the situation is different compared to industrial robots. Additional requirements are speed
and separation monitoring and force and force limiting sections that TS 15066 recommends. It is necessary to
follow the recommendations of ISO 12100 to set the transition time limit between collaborative operations and
the safety controller’s continued suspension of the inspection.
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5. COLLABORATIVE ROBOTS AND APPLICATIONS IN TERMS OF OHS
5.1. Precautions to be Taken for Occupational Safety During Robot Selection

In order to eliminate or minimize the risks and dangers that may arise in terms of occupational health and
safety in collaborative robots, the processes in which these robots will be used must be analyzed very well. For
this reason, it is of great importance to carry out risk analyzes during the selection and to carefully examine
the standards on this subject.

Before proceeding to the robot design, during the examination of any process;
* The temperature in the environment where the robot will be operated,

» If'the robot needs to come into contact with any machinery or equipment during the process, the tempera-
ture values at the contact point,

» The ambient humidity is not at the values that will adversely affect the operation of the robot,

* Flammable, explosive or flammable chemicals that may be present in the environment where the robot will
operate,

» If the robot comes into contact with any chemical during production as a result of the process, the design
should be made accordingly,

» The high current or voltage source in the working environment should be placed in a special enclosure,
*  Whether the existing grounding is sufficient or not should be measured at least once a year,

* The grounding line must be protected and not exposed to mechanical impacts,

» Ifit breaks, the system works, but it creates a great risk of shock,

*  Whether the code in which the robot will work is more than 1000 meters above sea level,

* The reaction of the floor on which the robot will work to the possible vibration,

» If the robot has vision sensors as an application requirement, dedusting the working environment to pre-
vent dusting, absence of oily volatiles and steam in the environment, whether additional ventilation or
dedusting is required,

» Preparing the electrification of the environment where the robot will work and the UPS line as recommen-
ded by the robot manufacturer,

* Inordernotto overload the UPS device, the UPS line should be drawn separately and it should be used only
for special machines where no interruption is required,

* Determining the environments where the robots will work in a way that will not be affected by the high
voltage of other machines,

» The floors of the environments where the robots will work are extremely important. Since today’s robots
are programmed to work in 7-8 axes, there will be stresses on the ground in various directions during the
operation of the robots, the ground must be designed to withstand all these stresses. While making the sta-
tic calculations of the floor, if necessary, thick plates should be placed on the connecting feet of the robot.
Connection details must be prepared in accordance with the manufacturer’s recommendations.

* An appropriate maintenance program should be designed, taking into account the characteristics of the
robot, its working environment, transportation conditions and operating times,

Things to Do During Commissioning and Maintenance: As with industrial robots, before the assembly
of the collaborative robot is completed and the robot is energized, the robot must be energized first by ensuring
that no workers are found in the robot’s work area (the area where the robot arms will sweep during operation).
This operation must be done with two people, one person should give way to the machine and the other should
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stand by the emergency stop button. In addition, in case the robot arms move out of the planned, protective
walls must not be placed so that the assembly member can easily leave the work area.

Ensuring Safety During the Use of the Robot: Especially in the selection of collaborative robots, it is

beneficial to choose manufacturers who are experienced in the application we will use, because it is not pos-
sible to say that they are 100% safe for any robot. This is especially important during the initial installation,
commissioning and operator experience of the robot. When we look at the occupational accidents that occur
in the environments where robots are used, the probability of accidents increases if the following issues are
generally ignored.

If the robot is specifically designed to operate without an operator, the robot should never move before it
has been confirmed that there are no workers in the area where it will be working.

If the robot is in automatic operation mode, the sensors on it or on the guard fence should detect that some-
one has entered the working area and stop the operation.

If the working environment of the robot is controlled by safety fences or light barriers, these elements must
be in working condition,

In some cases, there may be situations where robots start suddenly and are harmful to operators, working
procedures must be prepared in detail to avoid these situations. It is known that the main reason for such
accidents is procedural deficiencies or non-compliance with procedures.

In order to ensure that the above-mentioned occupational accidents do not occur;

In the latest generation robots, even if the cooperator accidentally touches the robot, the robot will stop,
but if this does not happen, the operators must be warned and trained not to enter the robot’s work area and
not to approach the robot, as the worker may be seriously harmed by this contact,

The robot must be locked, assuming that it may cause damage to its environment in case of sudden opera-
tion even when it is not working,

Although robots have the ability to do the movements taught to them for days or weeks without getting
tired, it will definitely be useful to constantly monitor their movements,

Since robots are programmed to work on various axes through different joints, co-workers must be in a
position to press the emergency button at any time during these movements. If necessary, it will be useful
to increase the number of emergencies stop buttons around the robot.

Robots must be used for the operations they are designed for, when they are designed, using them with
different accessories in different operations may cause injury or even fatal accidents.

Since magnetic density, noise and vibration can affect the memory of robots in the working areas of robots,
it will be appropriate to examine these negativities and take necessary precautions.

Today, robots have a large amount of joints since they can work up to 7 or 8 axes, so the joints on the robots
constantly change their position within the specified time period in order to perform the tasks assigned to
them. Particularly at the beginning of the process, when teaching commands to the robot, the operator’s
joints must be outside the working area.

While designing, it should be noted that the operator’s face is facing the robot.

In some cases, there may be optical eyes on the robot arms as a requirement of the process, the poor func-
tioning of the optical eye may prevent the robot from performing the given task, so care must be taken to
keep the optical eyes clean, especially in dusty environments.

At the beginning of the process, the speed must be kept low while the robot is taught what it will do. After
the cycle is fully taught, the trials are started with the required speed.
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* In most of the collaborative robots, after the robot stops for some reason, the robot can continue the pro-
cess from where it left off, but in some applications, the robot arm may need to return to the starting point
when starting the motion due to the process. This situation must be known by the cooperating operator.
During the restart of the robot, the operator is warned with sound and light.

» Insome cases, possible malfunctions in the robot system are reported to the operator audibly, the meaning
of the voice warnings from the robot should be well known by the operator,

* When entering the collaborative area, attention should be paid to the use of the PPE foreseen for that area.

* In order to prevent any automatic operation, when programming the robot, a sign indicating that the robot
has been programmed must be hung on it,

* In the workplace where there is more than one operator, the hand control should be in the hands of the
operator who is teaching, instructions from the hand control should be given by only one operator,

« Ifvarious operators have to work together in a large and noisy factory, headphones integrated into the sys-
tem and hand signals known by everyone should be used for communication of the operators,

» After the robots are taught what to do, the operators should be trained about the robot’s movements or
abnormal movements and the duties of the operators against them, and a coding of the wrong movement
should be made,

*  While the robot is being programmed or during an intervention, in case of any energy conversion, the robot
should not be left under load, should not stand under a loaded robot arm, in case the robot arm is discharged,

*  After the programming of the robot, the first trial runs should be done below the designed speed, after ma-
king sure that there is no problem, normal speed should be started,

* It may not be enough to do the first trial runs only at low speed, because in some cases there may be prob-
lems arising from the production, program or design, so before the first trial run, all these checks should
be made and trial work should be started after making sure that there are no deficiencies,

» Evenifitis ensured that no mistakes were made in all the controls made before the first trial, the first trials
should be completed by selecting the initial speeds at 5-10% and then increasing the speed steps.

5.2. Unexpected Movements That Could Cause Accidents in Collaborative Robots

Negative movements of the robot manipulator, which may not take action due to any of the above-menti-
oned reasons but may cause work accident, should be examined in detail during the design and later during
the risk assessment, and the component that will control the system should be selected accordingly. The most
common of these movements are:

* Changes made by another operator without notice,

» User error,

» Negative effects of the manipulator due to noise and working conditions of the robot,

* Program errors or interactions with surrounding machines or other robots,

* Sudden malfunctions that may arise in the control or monitoring units on the robot arm,

* Sudden discharges that may occur in the robot gripper waiting to be locked but due to not taking the ne-
cessary precautions,

Safety Precautions to Be Taken After Robots Switch to Automatic Working Order:

» At the beginning of the shift, the precautions in the risk checklist determined before the start-up should be
reviewed,
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» Signs stating that it is forbidden to enter the cooperating zone should be hung on the security fences, and
the robot’s starting to work should be visually announced to the environment,

» The robot that will enter the automatic start mode must have the equipment to detect the absence of the
operator or anyone else in the working area.

» Before instructing the robot to switch to automatic mode, it must be ensured that the program number,
step number of the robot will start processing and that the robot is ready for the automatic start command,

» If, for any reason, the robot is entered into the working area, the robot will stop as it was taught, the ope-
rator should never give the start command to the robot before leaving this forbidden area for him, and the
monitoring system should be defined accordingly,

» Collaborative robots generally start working from where they stopped or stopped, in some cases the robot
arm can be pulled to another position in order to make any measurement or troubleshooting, in some cases,
the robot arm will come to the position where it was stopped first with the first start command, and then
the rest of the process will take action to complete the part. In these situations, which are one of the most
dangerous stops, the operator must go out of the robot orbit after completing all his work and then press
the start button. (Sezai, 2015)

6. SAFETY AND ERGONOMY IN HUMAN AND ROBOT COLLABORATION

A collaborative robot (also known as a cobot or lightweight robot) is a particular kind of industrial robot
which is able to physically and safely interact with humans in a shared and fenceless workspace by introducing
new paradigms from human—machine interaction (HMI). The International Federation of Robotics defines
collaborative industrial robots as those able to perform tasks in collaboration with workers in industrial settin-
gs (IFR 2019). The concept of collaborative workspace can be summarized as the “space within the operating
space where the robot system (including the workpiece) and a human can perform tasks concurrently during
production operation” (ISO 2016, p. 8). In general, collaborative robotics is a main cyber-physical enabling
technology of Industry 4.0, and aims to improve production performances and operators’ work conditions by
matching typical machine strengths such as repeatability, accuracy, and payload with human skills such as
flexibility, adaptability, and decision-making.

When introducing collaborative robotics, a crucial part will be safety. In fact, the main difference betwe-
en collaborative and traditional industrial robots is that cobots are designed to allow physical human — robot
collaboration in hybrid and fenceless work cells without the necessity of isolating the robot workspace. Tradi-
tional industrial robots were introduced to improve production efficiency by replacing human operators in per-
forming heavy, unsafe, and repetitive processes. Due to safety requirements, a traditional high-performance
manipulator needs safeguards (physical barriers or optical devices) to isolate the robot activities and therefore
to safeguard operators from unexpected and unwanted contacts. Since collaborative applications allow for
direct Human robot collaboration and this is even required, traditional safety solutions for robot isolation are,
in general, no longer possible. As a consequence, other systems have to be integrated into the collaborative arm
to ensure operators’ occupational safety and ergonomics. These systems have to be selected and implemented
depending on the robot performance and the level of interaction, and in general, are more demanding and
complicated with respect to safety solutions for traditional industrial robotics. For these reasons, the design
and integration of OHS aspects will be more challenging in collaborative applications.

6.1.Introduction to Industrial Robot Safety

Considering the nature of the hazards, there are different types of occupational hazards associated with
industrial machinery according to ISO 2010. Identified hazards for industrial machines are; mechanical hazar-
ds, electrical hazards, thermal hazards, noise hazards, vibration hazards, radiation hazards, material/substance
hazards, work environment-caused hazards and combination of hazards. In the definition of industrial Human/

188 OCCUPATIONAL SAFETY APPROACH IN COLLABORATIVE INDUSTRIAL ROBOTS



robot collaboration, collaborative systems allow and require sharing of tasks in a fenceless workspace where
the main hazard category will be of a mechanical nature. In fact, due to the combined presence of both humans
and robots in a shared workspace, it is possible to have potential non-functional physical interaction between
the operator and the mobile parts of the machine, especially with the robot arm and with different types of
end-effectors. Unexpected and unwanted contacts can generate different kinds of collisions and crushes if re-
lated mechanical risks are not properly identified, predicted, and managed. In particular, a mechanical hazard
is a physical hazard which can occur when workers directly or indirectly come into contact with work process
related objects. The effects are usually immediate and can cause injuries to human beings. The level of inten-
sity can change according to the physical features of the involved work equipment such as speed, mass, and
geometry. Typical mechanical hazard is due to the possibility of being crushed, smashed, cut, trapped, impac-
ted, punctured or stabbed because of machine tools, parts, equipment, or machined/treated objects, production
waste, and ejected solid or liquid materials. Other main basic mechanical hazards are due to high-pressure fluid
ejection, as well as slipping, or tripping and falling.

6.2. Basics of Occupational Safety in Industrial Human-Robot Interaction

According to ISO2010a, Risk assessment is the procedure which combines the machine (limits) specifications with
hazard identification and risk estimation (which basically defines risk probability and gravity), in order to judge
whether the risk reduction targets have been reached. Risk assessment for traditional and collaborative indust-
rial robots is different. In general, due to the standardization of components and diffusion of applications,
traditional robotic cells are easier to evaluate from a mechanical risk point of view. In this case, the common
main risk features are:

» The robotic cell is isolated (direct physical HRI is usually not allowed),

* The mechanical risk indexes are high and characterized by a high level of gravity and a low level of frequ-
ency (high mass and velocity of robot arm involves high kinetic energy levels),

» The safety protection systems are based on prevention, that means a zeroing of mechanical risk probability
by using safeguards,

» There is no possibility of mitigating unexpected contacts between the operators and the mobile parts of the
robot due to specific robot design and control.

* Therefore, mechanical risk management is more homogeneous and standardized, which means it is less
dependent on specific robotic cell applications. Risk management is simplified due to the absence of wor-
kers in the robot workspace. On the other hand, in the case of collaborative robots, the situation will be
very different and more complex. The main risk features are:

» The robotic cell is collaborative (physical HRI is allowed).

* The mechanical risk indexes are variable in terms of gravity and frequency, depending on the application
and on the potential HRI form. In fact, they can vary depending on the single operator tasks during the
overall application.

* More probable and less severe mechanical risks related to unexpected human-robot contacts are allowed,
which means that safety systems are based on a mixture of risk prevention and attenuation.

Therefore, the risk management is more application-specific, which means heterogeneous, complex, and
barely standardized. (Gualtieri et al., 2020)

6.3. Main Safety Standards for Industrial Collaborative Robotics

Considering the mechanical risks that can occur during unwanted contact, there is a short list of general
international deliverables regarding the safety of machinery requirements for Human Robot Collaboration(Fi-
gure 6). In 2016, a new ISO technical report, ISO TS 15066 (ISO 2016), was published in order to help produ-
ction technicians and safety experts in the development of safe shared workspaces and in the risk assessment
process.
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Figure 9: Main standards hierarchy related to industrial collaborative robotics (Gualtieri et al., 2020)

This report further details previous safety requirements for industrial robots included in ISO 10218 parts
I and 2 (ISO 2011a, b). Other useful documents include the EU Machinery Directive (European Parliament
2006), standards ISO 12100 (ISO2010a) for risk assessment, and ISO 13849 part 1 (ISO 2015a) and IEC EN
62061 (IEC 2015) for functional safety requirements. In addition, a document was recently published (ISO
2018) that defines the main guidelines on safety measures for the design and integration of end effectors used
for robot systems.

6.4. Technical Specification ISO TS 15066 (2016) and Collaborative Operations

The technical specification ISO TS 15066 (ISO 2016) was released in 2016 and explains in more detail the
requirements regarding collaborative robots, which were preliminarily introduced in standards ISO 10218-1
(ISO 2011b) and 10218-2 (ISO 2011a)in 2011. At the moment, this specification represents one of the most de-
tailed documents which specifies safety requirements for collaborative industrial robot work cells, especially
in terms of mechanical risk. According to specific applications and types of interaction, collaborative robots
should be integrated with different kinds of safety devices. The main goal of safe collaboration is to minimize
the mechanical risk which could arise from unexpected contacts in terms of gravity and/or probability. ISO TS
15066 (ISO 2016) introduces four methods for safe HRC:

Safety-rated Monitored Stop,
Hand Guiding,

Speed and Separation Monitoring,

bl

Power and Fore Limiting

6.5. HCD/Human - Centric Design and Ergonomics:

The fourth industrial (Industry 4.0) revolution has not only introduced new manufacturing paradigms, but
is also changing the role played by humans. Humans play a key role that cannot easily be replaced by advan-
ced technologies. Conversely, the introduction of new technologies complicates manufacturing systems and
increases the need for highly skilled, well-trained workers. Therefore, the fourth industrial revolution renews
an anthropocentric approach to conceiving new technologies, changing the question from how to replace hu-
mans to how to better complement and assist humans.
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Figure 10: Human — Robot Contact Classification (Gualtieri et al.,2020)

A human-centric approach to design manufacturing systems is introduced. ISO 9241-210 (ISO 2010b) desc-
ribes HCD as “an approach to systems design and development that aims to make interactive systems more
usable by focusing on the use of the system and applying human factors/ergonomics and usability knowledge
and techniques.” Therefore, such an approach aims to improve human well-being, together with user satisfa-
ction, sustainability, and accessibility, while preventing the potential side effects to human health, safety, and
performance due to the use. ISO 9241 part 210 provides guidelines on how to redesign processes to identify and
plan effective and timely HCD activities, defining six key principles:

a. Design based on clear comprehension of users, tasks, and environments
b. User involvement throughout design and development

c. User-centered evaluation to drive/refine design

d. Iterative process,

e. Based on the whole user experience

f. Adoption of multidisciplinary skills and perspectives

The Human Centric Design approach can be incorporated into every kind of design approach (e.g., obje-
ct-oriented, waterfall and rapid application development). One of the crucial aspects for correct application of
the HCD is the respect of the ergonomic principles. ISO 26800 (ISO 2011c) defines ergonomics as being like
a “scientific discipline concerned with the understanding of interactions among human and other elements
of a system, and the profession that applies theory, principles, data and methods to design in order to optimize
human well-being and overall system performance.” Such a discipline studies how to best design a workplace
and the related equipment or products, in general, in order to optimize them for human use. A design based on
ergonomic principles takes into account several human characteristics, e.g., weight, height, age, hearing, and
sight. Ergonomics is therefore often referred to as human factors engineering.

6.6. Ergonomics in Human-Robot Collaboration

The idea behind collaborative robotics technology is to have advanced technologies that can help and sup-
port humans. An example of this interaction is when cobots remove components for a worker. Although cobots
can improve the physical ergonomics of the workplace and thus reduce worker exposure to MSD, they can
also cause mental stress and psychological distress to workers if the principles of cognitive ergonomics are not
taken into account.
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In fact, cobots must behave according to the operator’s expectations (Mayer and Schlick 2012), their pre-
sence should not be a source of stress for people or even perceived as a danger. Human acceptability of cobots
can be improved, for example, by implementing anthropomorphic trajectories for the robot. (Kuz et al., 2014;
Rojas et al., 2019). While we are still far from an industrial application of hybrid workspaces based on stan-
dardized physical and cognitive ergonomic principles, there are some academic implications.

In 2015, a hybrid workspace with enhanced ergonomics and flexibility was designed by Faber et al. This
design is based on the robot operating system (ROS/Robot operating system) and a cognitively automated
assembly planner. A human-centric design for the workspace, in which process tasks are classified according
to their cognitive complexity, was presented in 2018 by D’Addona et al. In addition, in the same year, a mul-
ti-criteria approach and an algorithm for task assignment that can simultaneously plan human-robot hybrid
cell layout and tasks were presented. Miiller et al. (2016) also suggested a skill-based task assignment approach.
This approach is based on an assembly task definition model and assigns tasks between human/robot comparing
their skills to their requirements.

According to Peruzzini et al, Virtual reality can assist in the design of an ergonomic workspace that allows
simulation of assembly tasks for human- centric design (HCD). In fact, it is possible to improve human posture
and stress by assessing different setups in digital manufacturing tools and adding digital human models and ot-
her virtual resource models (Caputo et al. 2018). Although such an approach is able to simulate assembly tasks
in workplaces, taking into account ergonomic aspects such as posture, workload, and stress, it neglects higher
anthropocentric aspects like human satisfaction and emotion. Although progress has been made in the design
of an ergonomic workstation, a strategy to design a hybrid workstation which is completely human-centered
and which satisfies all the physical and cognitive ergonomic principles is not yet possible.

The following section identifies the potential and challenges in safety and ergonomics in human robot colla-
boration by introducing the main organizational and technological future research areas. Figure 8 summarizes
the overall classification.
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Figure 11: Potential and challenges in safety and ergonomics (S&E) in HRC: research areas (Gualtieri et al., 2020)

There are two main research areas of interest for safety and ergonomics in HRC (Human Robot Interacti-
on): technological and organizational. The first one is related to the development of techniques for the impro-
vement of the safety of HRI, while optimizing robot performances. The second one is related to management
tools for better design and evaluation of safety and ergonomics solutions in collaborative systems.

The main organizational research areas of interest are proposed in order to comment on and discuss future
developments and the main possibilities and innovations for safety and ergonomics in industrial collaborative
robotics. The following list was developed according to different research results achieved by the authors in
the Smart Mini-Factory (SMF) laboratory of the Free University of Bolzano-Bozen (Gualtieri et al. 2018).
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6.7. Development of New Methodologies for Risk Assessment

The possibility of direct physical interaction between humans and industrial robots represents a new para-
digm in the field of OHS. The introduction of collaborative systems allows new possibilities from a manufac-
turing point of view but also new challenges in terms of operator safety and ergonomics. For this reason, new
and robust risk assessment methods should be developed by including the possibility of interaction between
humans and robots. There are various methodologies for the assessment of occupational risks. At the mo-
ment, one of the more complete methods for machinery risk assessment is the hybrid method (ISO 2012). This
method identifies three different risk conditions by colors: red meaning safety measures are required, yellow
meaning safety measures are recommended, green meaning no safety measures are required. These risk con-
ditions are calculated by using a risk matrix through five qualitative variables: Severity (Se), Frequency (Fr),
Probability (Pr), Avoidance (Av), and Class (CI, which is the sum of the previous indices). These indices were
estimated according to the guidelines found in (ISO 2012) and (ISO 2016).

Considering only mechanical risks, in the case of collaborative robotics, the main potential harms are mild
or moderate in intensity. In general, the Probability and Frequency indices are the more relevant values. The
Avoidance index can be medium since there is a real possibility of avoiding unintentional contacts due to the li-
mited robot speed range, which is required for collaborative applications. The final goal of the risk assessment
will be risk reduction through the adoption of protective measures implemented by the designer and the user in
order to reach an acceptable value of residual risk. The risk reduction could be evaluated through the different
values of risk class before (CI) and after (CI*) the introduction of safety solutions. Due to the complexity of the
safety requirements related to collaborative applications, the use of an extended method like to one described
here is suggested for proper risks assessment.

Cognitive Ergonomics Consideration: The sharing of workspaces and the physical interaction between
humans and industrial robots could affect the cognitive ergonomics of the collaborative work. In this context,
it will be mandatory to minimize the mental stress and psychological discomfort conditions which could be
established during hybrid operations. Even if safety measures are well designed and implemented, the mere
presence of the robot should not to be perceived as a hazard or as a source of stress for humans. Designers
should consider these kinds of cognitive ergonomics problems in order to develop anthropocentric and hu-
man-friendly collaborative workstations also from a psychological point of view.

integration of safety and ergonomics of collaborative workspaces in the early-stage product design
by Design for Collaborative Assembly (DFCA): The application of concurrent engineering (CE/Concurrent
Engineering) methods for the integration of safety and ergonomics in the early-stage design of shared spaces
will be crucial for the optimization of collaborative systems. CE is a “comprehensive, systematic approach
to the integrated, concurrent design and development of complex products, and their related processes” (i.e.,
manufacturing, logistics, disposal, etc.) (Verhagen 2015). The aim is to improve productivity and to redu-
ce production costs by decreasing product development and time-to-market. This methodology requires the
consideration of all the early-stage features of the product life cycle, starting from conception and concluding
with disposal (Verhagen 2015). Due to the nature of risks, which are potentially related to industrial HRI,
concurrent design of a collaborative system necessarily involves the early consideration of OHS requirements
for integrated products and process development. In order to develop safe and efficient solutions, the general
design of an industrial machine (and related process) should consider the integration and the optimization of
safety systems with functional systems in the early design stages. Nevertheless, it is a common procedure to
design and develop the machine without considering the safety requirements and then to add them after the
fact. This condition makes the design results unavoidably more inefficient and time-consuming, especially for
collaborative systems.

From the engineering design point of view, product design is another fundamental part of CE. In order to
satisfy customer requirements, engineering design allows the creation and transformation of ideas and con-
cepts into functional products and processes. At the moment, large parts of optimized products, which are
involved in manual operations, are designed for manual manufacturing and assembly. This means they pre-
sent technical features and production processes notably designed for manual picking, handling, assembly,
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and/or manufacturing. Obviously, these components do not have suitable features for robotic or automated
processing. Considering that the industrial collaborative robot market is continually growing, it is reasonable
to suppose that collaborative operations will be an interesting challenge in the near future. For this reason, it
will be particularly useful to create new product design approaches, which consider requirements for human—
robot physical interaction during collaborative tasks. Therefore, a new research field for product design could
be to enrich commonly known “Design For X’ (DFX) techniques by adding a new “Design for Collaborative
Assembly” (DFCA) method. Some possibilities should include the design of product features according to the
minimization of mechanical risk which could arise during physical human robot interaction.

7. CYBERSECURITY RISKS IN ROBOTICS

Cybersecurity can be defined as the protection against criminal or unauthorized use of electronic data in
information systems, the protection of life, integration, the security, integrity and confidentiality of our ma-
terial or moral assets and even our data in the electronic environment. In robotics, it is a field that seeks to
defend against attacks on computer systems, which may include control systems, critical infrastructures, and
technology transport systems. It ensures five security services namely confidentially, integrity, availability,
authenticity and non-reputation of electronic, computer and network domains. Most governmental and legal
entities collect, process and store large volumes of confidential data and transmit it over networks to other sys-
tems. One of the most contributing causes of cybersecurity is the constantly evolving nature of security. Even
though the traditional systems have been successful in protecting against significant threats, many possible
threats still remain unchartered. As the volume and sophistication of cyber-attacks increase exponentially, it
is necessary to safeguard information which might be of personal interest as well related to national security.
Thus, a body of technologies, process and practices work towards securing the networks, computers, prog-
rams and data from attack, damage or unauthorized access. The National Institute of Science and Technology
(NIST), defines cyber-attack as a means of using the cyber space for disrupting, disabling, destroying or
maliciously controlling a computing environment or infrastructure. Cyber-attack will lead to destroying
the integrity of the data or stealing controlled information. In the robot environment, it will cause the robot
to make involuntary movements. The cyber infrastructure generally comprises of Electronic Information and
communication systems, hardware and software, storage, processing and communication. Cybersecurity be-
ing the biggest risk of technological operations finds its use in almost every realm of technology. The first
generation of robots could be controlled by fixed, non- programmable, electromechanical devoid of sensors.
These were replaced by second-generation robots that came with sensors and control devices. The third-gene-
ration robot was an even more refined version of the second-generation robot and packed with many different
features, these robots can be stationary or mobile, and could provide complex programming capabilities with
speech recognition and synthesis. Along with these developments, the definition of robot has also changed
constantly, becoming a unit that is designed to perform tasks repeatedly while keeping a record of speed and
precision. The term robot, which comes from the Czech word “robota”, which means “forced labor”, is still
an employee who works by taking orders from an operator and computer system. Robots may be classified into
two types depending on how they are controlled.

1. Autonomous Robots: These are the robots which do not need human or operator intervention and can per-
form tasks by themselves. For example: Robots that continue to work by changing direction when faced
with any obstruction (Bump and Go).

2. Insect Robots: A group of robots which function on the command of a single controller fall into the cate-
gory of Insect robots. It is similar to a colony of insects wherein the entire fleet follows a single leader.

We can list the main characteristics that a robot should have as follows:

1. Sensing: A robot must be able to sense its surrounding, for this purpose it is equipped with light sensors,
chemical sensors, sonar sensors and taste sensors.

2. Movement: One of characteristics which makes robot is its ability to move. A robot may be dependent on
wheels or walking legs to move. The movement may depict either an actual displacement in the position
of the robot or simple parts of the robot to move.
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3. Energy: A robot must be equipped with the required amount of energy/power to perform its functions. It
may draw power from solar cells, batteries or electricity.

4. Intelligence: Robots reach a level of intelligence that will adapt to the environment with specific programs
prepared for them, and they turn into smart robots. An intelligent robot is an artificial intelligence (Al/
Artificial Intelligence) system that can learn from its environment and experience and develop its abilities
based on this knowledge.

Thus, a robot can be termed as a system incorporating sensors, control systems, manipulators, power supp-
lies and software’s functioning simultaneously to accomplish a task. Mechanical engineering receives support
from fields such as physics, electrical and structural engineering, and mathematics and computer technology
also contribute. Because of their parallels with humans, certain advanced robots are called Androids so they
help humanity in more areas. Other robots should always have a person telling them what to do. As a result,
robotics/robot science, as an engineering branch dealing with the design, production and operation of robots,
receives great support from artificial intelligence, nanotechnology and bioengineering.

According to the 3 main laws of robotics;
* Robots must never harm humans,
* Robots must follow instructions from humans without violating rule,

* Robots must protect themselves without violating any rules.
7.1. Importance of Cybersecurity in Robotics

In a world undergoing rapid change, innovation and technology have led to the continuous advancement
of robotics over the past few decades. Robotics, which was initially limited only to the world of production,
has become a structure that increases productivity in a shorter time and can-do complex work. The cyber threat
has grown exponentially as data, systems and people become digitally connected. It has been estimated that the
Robotics and automation industry will grow from 63 billion dollars to 1.2 trillion dollars in to the next ten ye-
ars. The costumer robotics industry by 2019 is believed to be over 1.5 billion dollars. Moreover, robotics may
also be associated with the Cloud Computing Environment. As the demand for robotics will grow, so will the
risk associated with robotics, cyber security breaches in robots will have an adverse effect on robotics, thus
damaging the financial aspects and reputation. A hacked service robot could be otherwise used to harm people
or carry out malfunctions deliberately. Therefore, in the years to come, it will become much easier for hackers
to override industry protections, disrupt services, damage products, and steal important information. Real-ti-
me constraints often play a very important role in many robotics applications. Y Apart from software bugs
and vulnerabilities, robotics is also prone to communication. If we talk about a few applications that require
security and privacy in the field of robotics;

Defense and Space Industry: Robotics is used in the promotion of devices, also known as unmanned
aerial vehicles, which can be used for military purposes, surveillance and combat purposes. Such devices
generally need to be used encrypted. If they are not encrypted, it is possible for a malicious person to take
control and easily manipulate an unencrypted drone. If desired, it is possible to misdirect the vehicle under his
control to a densely populated area with malicious intent. Apart from that, there may be malicious attacks that
take control of connected robots that break into an organization’s sensitive data centers and sabotage records.

Medical Surgery: There is a potential danger in operating patients by giving commands to robots. In a
surgery where a robot is used, the robot uses the same collaborative environment as the surgeon during the
surgery, if there is no encryption or authentication stage in the system, the system is vulnerable to attack and
the robot becomes vulnerable to all kinds of risks if an unauthorized organization takes control of the surgical
robot.

Household Robots: These robots can be assistants or assist in the daily chores of households in various tas-
ks at home. During their work, they may have a fairly large pool of information equipped with various sensors
and cameras as a requirement of their work. However, this information must be very well protected. Some
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robots can help with housework, while others can collect information about people’s health. Such sensitive
information should be taken into account, negligence can cause an unauthorized person to take control of the
home robot and gain access to sensitive data.

Disaster Robots: Today, robotics technology has also started to be used in disaster recovery studies.
Disaster robots may be given the responsibility to access, break, repair and disrupt harmful systems or subs-
tances. As with other robot applications, they should not be accessed by an external organization as robots can
pose extreme danger. For example, the ability of an unauthorized person to access the robot in any nuclear
facility, etc. as.

7.2. Current State of Security in Robotics

It uses sensors, control systems, manipulators and software to efficiently manage and control the robotic
device. Because component- based software engineering plays an important role in robotics, components act
like individual computer programs communicating with each other using protocols. Robot Operating System
(ROS/Robot Operating System) and Yet Another Robot Platform (YARP/Yet Another Robot Platform) are ro-
botics-oriented architectures that contain a set of programs on many hosts connected to the topology. Because
component-based software engineering plays an important role in robotics, components act like individual
computer programs communicating with each other using protocols. In the robot operating system, messages
are transmitted using various protocols with or without encryption. MDS5 is a message digest algorithm that
ensures data integrity and introduces various authentication mechanisms. If the system is not encrypted, the
system can very easily pass under the control of another power. In YARP, sensors, processors and actuators are
linked by software. It poses a high security risk as the application is vulnerable to corrupt data.

Cybersecurity for robotics requires the system to be flexible beyond existing security technologies. For
example, if a robot is to deliver a small package to a destination, it must consider multiple factors. It should
be able to approach the target safely by intelligently controlling the environment, while determining the target
and heading towards it, the bus it is on should not be detected. It is important to be meticulous to avoid obs-
tacles and be adaptable in case any damage occurs. It should be easy to reconFigure and replace if necessary.
Despite these characteristics, the risk of falling under the control of other powers is still high. By breaching
smart devices, it is possible to obtain personal information and use them for other purposes. As a matter of fact,
in a study, more than 69.00 smart devices were hacked wirelessly recently. (Bolden, 2015)

Any cyberattack in the robotic domain is either an endpoint compromise issue or a network-communi-
cation-based attack. Endpoint compromise sees that the controller cannot control the robot, while networ-
king-based attack encourages an attacker to eavesdrop or inject malicious code into the network. One factor
comparing the intensity of the two attack vectors is physical access.

Networking based attacks are more common than endpoint compromise attacks because they have more
physical access. The robotic environment is threatened by many risks and vulnerabilities.

Attacks resulting from decision change: Such attacks are carried out deliberately to influence the actions
of a robot commanded by the controller. This particular attack aims to manipulate the message while the pa-
ckets are still in transit mode. Specifically, packet headers are modified by a competitor to forward packets to
another destination or to modify data residing on target machines. Denial of Service attacks represent a class
of Change of Intent attacks. In such attacks, the robots’ network interface Transport Layer Protocol traffic is
blocked by TCP (Transmission Control Protocol). These attacks have two main consequences;

Robot Halting: It is a physical indication that the robot has been overwhelmed by a denial-of-service atta-
ck. It can also lead to erratic movements of the robot. The robot can stop repeatedly and for different durations,
the speed can also change.

Delay in Responding to Direction Commands: A bot under a denial-of- service attack will experience
delays when transitioning from low to high speed. It may not respond immediately to various navigation com-
mands.

196 OCCUPATIONAL SAFETY APPROACH IN COLLABORATIVE INDUSTRIAL ROBOTS



Intention Manipulation Attacks: In intention manipulation attack, the attacker reconstructs the message
transmitted from the robots to the controller. These are also known as feedback messages as they are a respon-
se to input given by the controller. These attacks are somewhat difficult to perform, since the purpose of the
controller is real. However, if executed correctly, such attacks can be difficult to detect or prevent. If mani-
pulated feedback is believed to be legitimate, it can lead to negative consequences. Because most robots are
managed by communication networks, they are extremely vulnerable to manipulation attacks. A worm (Worm
virus is designed to copy itself from one computer to another computer to manipulate the components in the
robot and spread it to the network without any human intervention. However, this process happens automati-
cally. It first takes control of the features on the computer that transmit files or information. The worm once
After it enters your system, it can progress on its own.) can be written.

Hacking Attacks: This is the form of attack in which the enemy or attacker takes control of the commu-
nication between two endpoints. If the two endpoints are known to be a controller and a robot, the attacker
disables the controller and unethically tries to take over the system the robot is in. This hijacking may tempo-
rarily or permanently take control of the robot and disrupt the services for a few hours or irreversibly. These
attacks can be carried out in two ways:

Network Observer: An adversary with an intention of eavesdropping or snooping on the information
being transmitted between a controller and a robot. This may be malicious, gathering information, inserting
unreliable information into the network, and someone who seems benevolent to both parties.

Network Intermediary: An adversary who positions himself between the controller and the robot thus
preventing confidential communication between the ends.

7.3. Some Mitigation Strategies to Avoid Cybersecurity Risks Among Robots

Because security breaches know no bounds and the robotics field is so vulnerable to insecurity, such at-
tacks must be prevented before they harm humans. Several methods have been put forward for identifying
attacks and mitigating the threats to secure a system.

e Communication Robustness: A transmission medium is required for commands to be transmitted from
a controller to the robot and for feedback from the robot to the controller. It is this transmission medium
that is vulnerable to most attacks. Providing a layer of security over channels for transmitted information
will certainly reduce potential insecurities. Since communication is dedicated, encryption and promotion
of authentication mechanisms on transmitted data will restrict modification, manipulation and hacking
attacks.

e Data Distribution Service in Robot Operating System: As already discussed, in Robot Operating Sys-
tems (ROS), messages may be transmitted without encryption which encourages eavesdropping. Howe-
ver, integrating data Distribution Service (DDS) as a transport layer will lead to installation of plugins that
ensure authentication, access control and cryptography.

* Authentication Mechanism in (YARP/Yet Another Robot Platform): When making use of YARP, the
entire infrastructure may be revealed. However, an authentication mechanism may be introduced in YARP
by ensuring key exchange. Port monitoring and arbitration may ensure proper encoding and decoding of
transmitted data.

* Securing the Cloud: Cloud robotics is an emanating field which has robotics embedded into the cloud
computing environment. It relies on cloud storage and other internet technologies of cloud infrastructure.
It leads to enhancement of memory, computational power and interconnectivity for robotics applications.
The data is collected by sensors, and the corresponding information is uploaded to remote computation
center. The information is processed and may be shared with other robots.

* Communication Between Computers and Computer Units: Secure communication may also be provi-
ded by Communication buses. Unlike traditional buses, communication buses are based on Ethernet and
hence can make use of features pertaining to TCP/UDP/IP.
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1) Robots as Secure Applications:

Robotics platform is based on the traditional computer systems platform, hence making the security issues
similar for both. Robotic platforms are mainly constituted of hardware and software components. As gene-
ral-purpose robots become popular, many apps also surface which enable the robots to perform specific tasks.
Thus, there is a need to secure the robot. High level abstractions may be used to secure the system whereas
privacy is another major concern which may be achieved by certain access control mechanisms. As users are
identified securely and privileges are given levels, privacy is ensured. Specific software architectures have
been proposed to ensure security in robotics. High level abstractions define policies for robots. Securing web
browsers also has its own impact. Separating main components of framework and defining a rigid interface
between them may allow securing the system easily. The inter component communications in this case will
pass through a common message passing interface which may be easily inspected. The given Figure is propo-
sed architecture which resembles a microkernel inhabiting a thin layer of software responsible for transmitting
different messages. The layers above implement hardware specific features, robot abstractions and abstracti-
ons for applications. The applications running on the top make use of the abstractions conveyed by lower level.
There are many security applications in robots, if we examine four of them;

* Robots for Remote Surveillance: Robots relying on autonomous mobile platform such as RoboSentry can
not only move with the help of wheels but can also record video, audio and other sensitive data. They may
be autonomous of teleoperated with high resolution cameras. They have the ability to detect hazardous
gases and may also integrate security and Close Circuit Television (CCTV) systems.

* Robots for Alarm Verification: False alarms are undesirable for any security installation. Many robots
ensure verifiability of alarm conditions. The robots may be integrated to existing security, access control
and CCTYV systems. If alarm conditions are identified, robots may be dispatched as soon as possible. On
reaching, the onboard sensors may confirm the presence of heat, smoke and flames and also send live au-
dio and video messages. A confirmation signal sent to the centralized station may assist in preventing any
mishap.

* Robots for Asset Tracking: Given a certain range with an autonomous mobile platform, a robot can track
and locate items tagged with Radio Frequency Identification (RFID). The current position of a particular
item in the settlement can be created and maintained by a robot. It can also be integrated into an already
existing security system.

* Robots for Facility Management: An autonomous mobile robot has the ability to create and maintain a
highly accurate, dynamically protected layout of a facility. This map can be used to gather information.
For example, parameters such as corridors, clogged corridors, temperature, wi-fi coverage, security ligh-
ting failures and cell phone coverage in any settlement can be detected by these robots. Audio and video
recordings and snapshots detected by the robot can be used for facility management.

Ethics in Robotics: With recent developments, robotics has become an integral part of our daily lives in
driving, medical records and daily activities. However, since most of these transactions are done on the inter-
net, the issue of privacy and security has come to the fore. Intelligent robots and driverless cars are effective, but
they also bring ethical issues. Cyber technology, hand tools, personal computers, mainframe computers, etc.,
where robotics can be widely used. It is used in the manufacture of many devices. Cyberethics is the basis of
ethical issues in computing machines performed by computer experts. Cybersecurity ethics in robotics consists
of both cyberethics and technological ethics. Technological ethics is more concerned with the development of
new technology, while cyberethics may deal with the ethics of computers and consider the behavior and effects
of computer systems. Because robotics supports both cyber and technology, ethics in robotics must be relevant
to both fields.

Ethics in robotics is concerned with the behavior of humans, how humans construct, design and treat robots.
Some ethical challenges for robotics from the perspective of technology and cyberspace are as follows:

Copyrights: The ethical rules; the robot can affect the industries, national government and international
relations in the countries of which it is a part, as well as affecting artists and producers. Therefore, the use of
copyrighted material to create new innovation is restricted.
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Cybercriminality: Technology affects social, cultural and economic fields. Oftentimes, businesses want
to exploit copyright issues. As cybercrime increases rapidly, criminals can use digital tools to threaten people’s
freedom.

Privacy and Security (A case of Full Body Scanners at the airports): Ever since full-body X-ray scan-
ners were introduced; many began to question people’s privacy. In order to increase security, it is possible
to display the human body naked by using an alternative wavelength, if desired, by using personal privacy and
modesty in order to detect metal on people, by asking people to stand inside a rectangular electronic frame.

Privacy and Global Positioning System (GPS) Technologies: GPS devices have played a pivotal role in
evolution of robotics. The location of people carrying cellphones can be tracked in no time with GPS techno-
logy which challenges privacy. It not only affects the interaction of citizens with their states but also that of
employees at their workplaces. Many vehicles and equipment support GPS thereby contradicting civil liber-
ties. Appropriate privacy levels are questioned due to such technological impacts.

Autonomous Robots on Choosing Their Own Targets: With autonomous systems becoming popular,
human domains are invaded, thus there is a need to control them. These cars may zip ahead to take parking
spots people have been waiting for. There may be systems that buy an unlimited supply of goods from a store
while people wait on. One cannot allow their mechanical valets to cote on behalf of them. An autonomous
robot should not be allowed to choose its own targets. The need is to create civilized robots which can be only
done by following certain ethics.

8. SOME RULES OF ETHICS TO BE FOLLOWED IN ROBOTICS

Robots serve many functions to the society ranging from an entrainer to educator to executioner. As the
robotics technology advanced, certain ethical issues surface. For the robotic domain related to cybernetics and
technological ethics, precise principles must be established to define ethics.

1. Human Dignity Considerations:
* The emotional needs of humans to be always respected
+  The humans right to privacy to be always respected
* Human frailty to be always respected, physically and psychologically.
2. Considerations During Design:
* Maximal, reasonable transparency in the programming of robotic systems to be ensured,
* Predictability in robotic behavior is desirable.
* Trustworthy system design principles are required across all aspects of a robot’s operation,

+ Real-time status indicators to be provided to users to the greatest extent consistent with reasonable
design objectives,

* Obvious opt-out mechanisms must be required to the greatest extent consistent with reasonable design
objectives.

3. Legal Considerations:

+ All relevant laws and regulations concerning individuals rights and protections to be respected.,

* A robots decision paths must be re-constructible for the purposes of litigation and dispute resolution.
4. Social Considerations:

* To avoid any racist, sexist, ableist morphologies or behaviors while designing a robot,

* Tendency of humans to form attachments to robots must be carefully considered during designing.
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8.1. Laws of Robotics for Ensuring Cybersecurity
Some laws have been introduced so that a robot can perform all its functions within ethical limits.

1. Itis mandatory to determine whether the designer, programmer, manufacturer or operator is at fault in case
an autonomous drone strikes or goes wrong or an automatic car causes an accident.to allocate respon-
sibilities, autonomous systems must be equipped with logs with timestamp so that they can be referred to
whenever needed.

2. If ethical systems be embedded into robots, it is necessary that the decisions made must seem justified to
most of the people. Experimental philosophy may be used for the same.

3. Collaboration between engineers, lawyers and ethical policy makers will help design the right system,
(Source: Priyadarshini, 2017)

9. RISK ASSESSMENT AND REDUCTION IN COLLABORATIVE ROBOTS

In addition to our previous definitions, we may refer to robots used in industry as an automatically cont-
rolled, reprogrammable multi-purpose manipulator that can be programmed in 3 or more axes that can be
stationary or mobile for use in industrial automation applications. Both industrial robots and their collaborators
have become used in various sectors of the industry in addition to screwing, assembling, placing, welding,
loading, unloading, loading and painting, even in surgery in medicine. In addition, they can easily be used in
dangerous and repetitive tasks. Robots, which are involved in more and more applications every day, can cause
serious and fatal work accidents if the applications are not properly examined and scrutinized. In the study, a
case study involving the safety of an industrial robot used as an auxiliary equipment to a horizontal injection
molding machine, a risk analysis or risk reduction measures are emphasized, and the main hazards and general
methods used to reduce risks are presented.

Causes of Accidents Involving Industrial Robots:

In a study based on analysis of 32 accidents, robot operators (72%), maintenance workers (19%) and prog-
rammers (9%) also suffered various injuries. Of these injuries, the injuries in which the operator was trapped
between the robot and an object accounted for 56%, and the accidents involving the robot and the worker
accounted for 44%. The causes of injuries included unexpected robot behavior, human errors (e.g., a second
worker activating the robot when one worker is close to the robot) and unexpected software problems. The
harm ranges from slight injuries with no loss time, to fatal injuries. In France, Charpentier et al. (Charpentier P,
Sghaier A (2012) Industrial robotic: Accident analysis and human-robot coactivity. SIAS Conference.) analy-
zed 31 accident reports which occurred during the 1997- 2010 period. They found that 20 of these were due to
operations and 11 to maintenance activities. Of these accidents, 8 were fatal and 21 were serious injuries. The
causes of injuries included safeguards being absent, improperly installed or bypassed because they are unsui-
ted to the intended task. 6 of the violations in the movement area of the robot were prevented by fixed safety
fences and 8 of them were prevented by movable protective fences. In 5 cases there was guard rail or emergency
stop. Before risk assessment, problems with safeguards included: bypassing, unsuited to the situation, improper
usage, not installed, temporarily disabled and in a degraded mode.

Risk Assessment for Machinery:

Risk associated with machinery linked to machinery is defined in ISO 12100 Safety of machinery-Gene-
ral principles for design-Risk assessment and risk reduction as a combination of the severity of harm and
the probability of occurrence of that harm. The advantages of machinery risk assessment are numerous:

* Hazards are identified effectively and better risk reduction measures, can be implemented,
* Injuries and deaths are prevented,

* Fines and criminal prosecution are avoided,
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* Regulatory compliance is ensured and productivity is increased,

The hazard is the source the harm. Machines possess mechanical and electrical hazards, as well as those
generated by heat, noise, vibration, radiation and dangerous chemical and biological substances. ISO 12100
specifies principles of machinery risk assessment and reduction. The standard describes risk assessment as two
stages namely risk analysis and risk evaluation, as illustrated in Figure 5.

Risk analysis consists of (i) Determining the limits of the machinery, (i1) Hazard identification and (iii)
Estimating the risk. The risk estimation step, which is carried out for each identified hazard and hazardous
situation, is important since its results will dictate risk evaluation and therefore the choice and prioritization of
risk reduction methods.

Various sources of hazards exist during the life cycle of the robot. Risk assessment is required for example,
for the design, integration, installation, testing, verification, operation, maintenance and training. An impor-
tant step is to identify the hazard, hazardous situation, hazardous event and possible harm. There are different
hazards, namely mechanical, electrical, thermal, noise, vibration, radiation, material or substance, ergonomic,
associated with the environment in which the machine or the robot is used. The hazardous situation is the cir-
cumstance in which a person is exposed to at least one hazard and often the consequence of performing a task
on the machine or the robot. The hazardous event can have many causes which are often technical in nature
or by human actions. In Annex A of ISO 10218-1, a list of significant hazards for robots and robot systems is
provided.
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v

Risk estimation
7 J Risk
assessment
Risk evaluation

| (see ISO 12100)

Figure 12: Simplified management of risk based on ISO 12100 (Chinniah, 2016)
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Risk Estimation Tools:

ISO 12100 provides guidelines on how to estimate risk and what parameters to use. This international
standard mentions that the risk associated with a particular hazardous situation depends on the following two

main elements:

The severity of harm,

The probability of occurrence of that harm, The probability of harm is a function of;

The exposure of person(s) To the hazard,

The occurrence of a hazardous event,

The technical and human possibilities of avoiding or limiting the harm,

The standard also provides guidance on how to estimate all those parameters, as summarized in Table 7.
Moreover, an ISO technical report has been published where several examples of risk estimation tools are gi-

ven. The ISO report provides practical guidance on conducting risk assessment for machinery.

Table 7: Summary of risk estimation parameters defined in ISO 12100 (Chinniah, 2016)

Parameters ISO 12100 | Factors to be taken into consideration when
Reference estimating the parameter as given by ISO 12100
Severity of injuries or damage to health (e.g., slight,
Severity of harm 5522 serious, or death) and the extent of harm (e.g., one or
several persons)
Exposure of person(s) to the hazard, the occurrence
Probability of occurrence of harm 5.5.2.1 of a hazardous event, and the technical and human
possibilities to avoid or limit the harm.
Frequency of exposure to the 55931
hazard T Need for access to the hazard zone; nature of access;
. time spent in the hazard zone and number of persons
Euratlon of exposure to the 5.5.2.3.1 |requiring access and frequency access
azard
Probability of occurrence of 55939 Reliability and other statistical data; accident history;
hazardous event R history of damage to health; and risk comparison
Different persons who can be exposed to the hazard(s),
(e.g., skilled, or unskilled); how quickly the hazardous
situation could lead to harm (e.g., suddenly, quickly,
or slowly); any awareness of risk (e.g., by general
Possibility of avoiding or limitin information, information for use, by direct observation,
Y & &1 55233 Jor through warning signs and indicating devices on the

harm

machinery; the human ability of avoiding or limiting
harm (e.g., reflex, agility, possibility of escape);

and practical experience and knowledge, (e.g., of
the machinery, of similar machinery, or absence of
experience).
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Risk Reduction:

Designers are required to carry out risk assessments as well as risk reduction, i.e., to implement protective

measures. Standards such as ISO 12100, ANSI B11-TR3 presents the 3-step approach for risk reduction,

Inherent safe design measures (hazard elimination),

Safeguarding and complementary protective measures (fixed guards, movable guards with interlocks, sa-
fety devices),

Information for use (safe working practices for the use of the machinery, warning of residual risks, recom-
mended personal protective equipment).

The residual risk is then managed by the user, based on the information for use provided by the designer.
The protective measures implemented by the user include;
Organization of safe working procedures such as lockout, supervision, permit-to work,

Provision and use of additional safeguards required due to a specific process not foreseen by the designer
in the intended use of the machine,

Use of personal protective equipment,
Training,

Training and so on. To ensure robot safety, manufacturers and users apply the 3-step method detailed in ISO

12100. Specific risk reduction strategies are given in ISO 10218-1.

In Annex F of ISO 10218-1 [1], the means of verification of the safety requirements and measures for robot

manufacturers are listed. The methods listed are:

Visual inspection,

Practical tests,

Measurement,

Observation during operation

Review of application specific schematics, circuit diagrams and design material,
Review of task-based risk assessment,

Review of specifications and information for use.

The safety requirements in Annex F of ISO 10218-1, include:
General requirements (e.g., fixed and moveable guards),
Actuating controls (e.g., status, indicator light, pendant),
Safety-related control (hardware and software),

Robot stopping functions (e.g., protective stop functions),
Emergency stop functions,

Reduced speed control,

Operational modes,
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* Pendant controls,

*  Control of simultaneous motions,

* Collaborative operation requirements,

* Singularity protection,

* Axis limiting,

*  Movement without drive power

» Provisions for lifting and electrical connectors

ISO 13849 and IEC 62061 provide the design principles of safety control systems for machinery. The sa-
fety-related parts of control systems for robots need to be reliable. Reliable safety control systems incorporate
redundant architectures, use well tried safety components, include fault monitoring principles and use basic
safety principles. The control systems are resistant to random and systematic failures. Usually, reliable safety
controls will be difficult to bypass or to modify. Examples of well-tried safety components and basic safety
principles are:

» Using safety position switches with forced opening of their contacts and mounted positively to monitor
position of moveable guards,

» Preventing modification to the program when electronic programmable systems are used to control safety
functions. Safety PLCs restrict such changes and also possess a redundant internal architecture,

* Use mechanically linked safety relays instead of ordinary relays;
» Use safety light curtains instead of optical sensors;

» Separating safety control and operation control and hence decreasing the likelihood that unwanted modifi-
cations by mechanics, electricians, and programmers are made to safety control system;

* Protecting safety position switches and safety devices from harsh environment which could degrade them
and result in premature wear and damage.

ISO 10218 sets performance requirements as being a performance level d with structure category 3. ISO
10218 also mentions compliance with SIL 2 with a single fault tolerance in the hardware.

The speed of the robot end effector must be controllable at selectable speeds and under reduced speed
control, it means a speed less than or equal to 250 mm/s. Enabling devices (pendant or teaching control) has 3
positions. When the operator continuously holds the centre-enabled position, the device allows robot motion
but under reduced speed control. When the pendant has no cables, the loss of communication results in a pro-
tective stop of the robot.

Collaborative Robots:

Collaborative robots are purposely designed robots in direct cooperation with a human within a defined
workspace. The human can perform tasks simultaneously during production operation. Table 8 presents the
four operating modes for such robots. Collaborative robots are presented by their manufacturers as tools to
empower operators in plants. The operators are responsible for training and supervising robots.
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Table 8: Operating Modes for Collaborative Robots (Chinniah, 2016)

Modes of operation of
collaborative robots

Description

Comments on safety aspects

Stopped state monitoring
or safety- rated
monitored stop

Speed and separation
monitoring

Robot stops when worker enters
the collaborative workspace.
This space can be a scanned
area. It continues to monitor
until the worker leaves. It

then resumes working, i.e.
automatic operation when the
worker leaves the collaborative
workspace.

Although it is called a collaborative
workspace, it resembles a safeguarded
robot inside a cage which stops

when the worker enters the cage.

One difference is that the robot
automatically resumes work when

the worker leaves. It is more like
cooperation than collaboration. One
example is a manual loading station.

Robot slows down when worker
comes near. Robot may stop

if worker gets closer. Robot
motion is allowed only when
the separation distance is above
a minimum separation distance.
Different technologies can be
used to detect the operator’s
position with respect to the
robot (laser scanners, safety
mats, vision-based systems)

The robot maintains a determined
speed and separation barrier between
itself and the worker. The relative
speed of the worker and the robot is
considered for minimum distance
requirements. One example is worker
replenishes parts. Safety control
systems need to be reliable.

Hand guiding or gesture
assistance robots

Worker is in direct contact with
robot. Worker guides and trains
robot. The robot assists the
worker in tasks in which a force
has to be exerted. The robot
relieves the worker in that the
force 1s exerted by the robot and
not the worker.The robot motion
is allowed only through direct
input of the operator.

The hand guiding part is close to the
end effector and consists of an enabling
device and an emergency stop. A
safety-rated monitored speed is used.
This is collaboration between the robot
and the worker.

Power and force limiting

Power and force of robot are
limited. When the robot makes
contact with a human being or
any object with a certain force
value, it stops immediately.

It is an inherent design and control of
the robot. The robot knows the required
amounts of force to pick up a load

and to move it. When it recognizes an
increase in torque or force required for
movement, such as in a collision, the
robot arm safely stops. Sensors at joints
and output side of gearing are used.
Control system is safety rated (fault
tolerant). Robots are made of light
material, have low inertia and no sharp
or blunt edges. However, the worker
who collaborates with the robot is not
likely to accept being hit (although
with little contact force) repeatedly.
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There is an increase in quality of products and in overall productivity. In the long run, collaborative robots
are expected to replace operators dealing with highly repetitive tasks. Some manufacturers specifically aim at
small and medium sized enterprises (SMEs) which traditionally have not been heavily involved with the use of
robots. By building relatively inexpensive robots that do require technical staff to program, robot manufactu-
rers aim at automation in businesses and competition with low-wage manufacturing. In general, collaborative
robots have user-friendly features that allow them to be taught, thus eliminating the need for sophisticated
programming. The operator shows the robot the operation needed by grabbing the arm and guiding it to the
object to be handled. They recognize with their vision system the object and the operator use a simple set of
menus to tell the robot what sequence of tasks to take.

Table 9 shows some robots on the market belonging to various companies performing similar tasks. The
use of collaborative robots can lead to musculoskeletal disorders for hand guiding stress due to the robot, loss
of expertise and skills, dependence on technology to perform tasks, fear of loss of job and reduced autonomy.
The absence of guards or physical barriers increases the need for thorough risk assessment and adequate design
of safety control systems. The risks associated with the robots need to be considered as well as the products or
process the robots are involved with.

Table 9: Comparison Among Collaborative Robot (Chinniah, 2016)

Robot Name Weight |  Load
(year introduced | Single arm Number or rogbo ¢ | capacit Speed | Design feature
and cost where or Dual arm of Axis pacity (m/s) | and applications
available) (kg) (e,
Series elastic
actuators providing
Baxter (2012, Single or dual | 6 or 7 axis ﬂex.Jomts; Human
22.000 to arm or arm 75 2.3 0.6 like; Repetitive
40.000 USD) p tasks; Camera
sensors for human
detection
15 axis
including Precision of
Dexter dot Dual two 7 axis Hich traditional robots
(2013, over arm arms N/A 5-20 S ge d for process and
100.000 USD) connected p assembly; High
to rotating repeatability
torso
Power and force
Kuka (2013) Single arm 7 Axis arm |23 N/A N/A sensing; Force
guided assembly
Universal Power and force
. limiting; Very
g%%%t (3[3‘%)00 ESlrlrr;lgle 6 Axis %JSbe_or S5or10 1.0 repetitive task;
USD)’ . Easy to use and set
up
Small part
Assembly
ABB Dual 14Axis |N/A | N/A N/A | Operationin
arm Electronics sector;
Camera sensors for
parts location
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9.1.Case Study from Quebec

On OSHA website, a fatal accident involving a robot and a plastic injection machine is described. On May
13th 2007, in US, an employee in the plastic sector was troubleshooting a robotic arm used to remove CD jewel
cases from an injection molding machine, when the arm cycled and struck the employee. He suffered blunt
force trauma to his head and ribs. He was transported to the hospital, where he died two weeks later. As seen
by this example, robots often interact with other machinery and risk assessment has to include the robot and
as well as the immediate environment. To illustrate the risk assessment and reduction process, a case study is
described in this section. The case study involves a 6-axis robot in Quebec used to unload products on a large
automated horizontal plastic injection molding machine. The company specializes in manufacturing electrical
components which also contain some plastic parts. At the end of each injection cycle, the mold area of the
plastic injection machine opens. The arm of the robot then reaches into the mold area and with specialized end
effectors delicately picks up simultaneously several small plastic parts directly from the mold. The arm of the
robot enters the mold area from the operator side. The robot then rotates and places the plastic parts on a con-
veyor found on its side which transports the parts through an opening in the guard surrounding the robot (i.e.,
a cage) for quality inspections. There is a second conveyor found in the mold area which collects remaining
unused plastic parts.

The molding area of the injection molding press is a hazardous zone due to both the closing mold and the
moving robot. The original moveable guard protecting the operator side of the injection molding machine had
to be removed by the company when the robot was integrated to the press since it prevented the robot from
reaching into the molding area. Table 10 presents the hazards linked to the robot and press. Workers perform
set-up, adjustments, unjamming, and maintenance activities in or around the mold area.

Table 10: Hazard identification for press and robot system without considering existing risk reduction measures (Chinniah, 2016)

Hazard Hazardous Situation Hazardous Event Possible Harm

Movement of the arm of
the robot in the direction of
the worker

Worker in close proximity to | Struck by the arm. Trapped

the arm against a mechanical part Fractures, death

Struck or pinched by the | Fractures,
gripper or other retention | punctures,
device Trapped against a | crushing injuries,

Movement of the gripper | Worker in close proximity to
or other retention device in | the gripper or other retention
the direction of the worker | device

mechanical part death
. . . Release of stored energy Fractures,
Stored energy -high Worker doing maintenance : puncture
T and struck by moving part
pressure at the end effector | activities on parts of the robot Hi . wounds,
igh pressure jets S
crushing injuries
Contact with live parts
Worker in close proximity or with parts accidentally Electrocution
Electricity (press) to live parts intervening on becoming live due to a eloctrical shock
panel- troubleshooting short circuit or insulation
problem
A failure of fixtures,
Projected object from robot Worker in the path of the grippers or another Fracture, bruises,
projected object mechanical parts retention | death
device
Closing movement, the Worker in close proximity Struck by the mold Fractures,
to the mold or inside the Trapped and crushed
mold of the press . o . crushed to death
molding area inside the molding area

Splashed with hot molten
plastic following a
technical problem or
human error

Worker in close proximity to
the nozzle of the injection unit
and inside the molding area

High temperature of

: Serious burns
molten plastic
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Table 10: Hazard identification for press and robot system without considering existing risk reduction measures (Chinniah, 2016)

Stored energy - high
pressure (hydraulic or
pneumatic) on the could
closing system and/or
inside the mold

Worker doing
maintenance
activities on parts of
the press and/or robot

Release of stored energy and
struck by moving part High
pressure jets

Fractures, puncture
wounds, necrosis,
crushing injuries

Struck by projected object

Projected object found Worker in the path of | (parts of the broken mold Fracture, bruises,
inside of mold the projected object | or forgotten tools) from the death
closing mold
. Loss of balance and fall from
Gravity Worker climbs on the height due to slippery parts or Fractures, death (head

press

detective/poor access

injuries)

An operator could enter the molding area following a jam or a mechanic for troubleshooting or adjustments
of the press and/ or of the robot. On several occasions, it was observed that the workers had their back facing
the robot (so they were working with their arms inside the mold area and they could not see the robot). In Tab-
le 9, the corresponding hazardous situations, hazardous events and possible harm for each identified hazard
are given. As described in ISO 12100, the hazard identification phase is carried out without considering risk
reduction measures in place. This approach enables to better evaluate existing risk reduction methods and, if
needed, to improve or change existing risk reduction methods.

After hazard identification as described in Table 10, risk estimation is needed for each hazard. A risk esti-
mation tool can be used (e.g., a risk graph or a risk matrix). Based on the severity of harm and the probability
of harm, a risk index is obtained for each hazard, followed by risk evaluation. Risk reduction strategies are
then implemented and risk reduction measures need to be evaluated to ensure that the acceptable level of risk
is reached and that no new hazards have been introduced (e.g., a sharp edge on the guard).

Briefly, the guard and openings in the guard need to be at a safe height and size. Standards exist to calcu-
late the dimensions of guards. The doors of the guard surrounding the robot and mold area (i.e., cage) were
interlocked such that no movement of the robot and of the press was allowed when the doors were opened and
a worker entered the hazardous zone.

Reliable safety control systems incorporate redundant architectures, use well tried safety components and
include fault monitoring principles. They are resistant to random and systematic failures. Usually, reliable sa-
fety controls will be difficult to bypass or to modify. Safety control system need to be designed following basic
safety principles and well-tried safety components. ISO 13849 and IEC 62061 provide the design principles
of safety control systems for machinery.

Well-tried safety component and basic safety principles used in the press- robot system were safety position
switches (not ordinary limit switches) with forced opening of their contacts and mounted positively. Those safety
switches monitored the position of moveable guards which are gates of the cage. Moreover, the safety position
switches were protected from harsh environment which could degrade them and result in premature wear and
damage. However, several safety principles were not implemented in the press-robot system. For example,
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a safety principle is to separate safety functions or controls and operation controls. Separating safety control
and operation control decreases the likelihood that unwanted modifications by mechanics, electricians, and
programmers are made to safety control system. In our case, there was no such separation. Safety functions
were achieved using the same programmable logic controllers (PLCs) for the press and that of the robot used
for operational control. No safety PLCs was used. Safety PLCs prevent modification to the program, when
electronic programmable systems are used to control safety functions. Safety PLCs also possess a redundant
and fault tolerant internal architectures (e.g., different compilers). Software is also programmed and tested
using stringent rules. In fact, the safety control system for the press-robot system was not designed with regards
to their performance levels or PL (i.e., probability of dangerous failures per hour). Redundancy, monitoring
and reliability principles are used to calculate the PLs. The PL calculations involve input, logic and output
elements of the circuit. In our example, the inputs were the safety switches, the logic were standard PLCs and
the outputs are hydraulic valves and electrical contractors. No PLs calculations were done in the press-robot
system.

One important design feature on machinery includes the control mode for interventions such as maintenan-
ce, setup, when safeguards are bypassed i.e., worker being in the hazardous zone. ISO 12100 and the machi-
nery directive mention that the safety of the operator is achieved using a specific control mode which simul-
taneously satisfies 4 conditions. The first condition is that the specific control mode disables all other control
modes in the machinery to ensure that another worker does not restart the equipment. The second condition
is that the specific control mode, permits operation of the hazardous elements only by continuous actuation of
an enabling device, a two hand control device or a hold-to-run device. This ensures that the worker has full
control of the hazard. The third condition is that the specific control mode permits operation of the hazardous
elements only in reduced risk conditions (e.g., reduced speed, reduced power/force, step-by-step using a li-
mited movement control device). The objective behind this condition is to limit the severity of harm, increase
the possibility of avoidance of harm by anticipating it and having enough time to react accordingly. The fourth
condition of the specific control mode is that it prevents any operation of hazardous functions by voluntary
or involuntary action on the machine’s sensors. In the press-robot system, a worker can set up the robot using
a pendant while being inside the cage, close to the robot which then moves at a reduced speed of 250 mm/s.

9.2. Risk Assessment Process for Collaborative Robotic Application

A comprehensive risk assessment is necessary to evaluate not only the robot system itself, but also the en-
vironment in which it is placed, i.e., the workplace.

Hazard Identification and Risk Assessment should cover;
* Hazards arising from the robot,
* Hazards related to the robot system,
* Application-related hazards,
Definition of Hazard;
e The hazardous movement of the robot,
» Hazardous movement of the robot gripper,
e Machines in the work cell,

* Exposure (intentionally or accidentally) to the motion of a moving robot
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Hazards of Compression

Kaiskag ve Fikstitr Arasinda Sikigma Parga ile Fikstiir Arasinda Sikigma Robot Kolu ve Fikstir Arasinda Sikisma Robot Kolu ile Hareketli Mafsal Arasinda Sikigma

Parmaklann Kiskag ile T5 Parcasi Arasmda Sthigmast

Trap/Capture Hazards

Parmaklan Kiskaca veya Parca Bosluguna Kaptirma

Parmaklan Kiskaca veya Parga Bosluguna Kaptima Robotun Kol Baglantisina Kol veya Parmaklan Kaptirma

Figure 13: Sources of Risk and Collision Hazards (Dominguez, t. y.)
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Other Dangerous Possibilities:

Unexpected unscheduled movement of the robot,

Speed limitation error,

Operation of the robot outside the programmed force limits,

Contact with clamps, moving parts and hot surfaces on the process equipment,
An Example Collaborative Work Cell:

Figure 14: Collaborative Work Cell (Dominguez, t.y.)

Definition of Limits:

Limits of Usage:

Intended use collaborative work cell, limited force

Personnel: Operator, maintenance team, quality

Collaborative robot with limited force during operation, projected payload 10 kg in 6 axes,
Transportation and transfer of the produced machine parts

Working Space Limits:

The working environment is clean and dry, and the working area is 3 X 3 X 2m.

Time Limits:

Rate 1/90 s, Task lifetime 20 years, Usage Rate 5 days/week, 2 shifts per day, approximately 250 days per
year,

Normal Operation:
The robot works independently, however,

The operator is very close to the robot within the determined working area and periodically moves towards
the robot as required by the job,

Periodic quality control processes are carried out in the robot’s working area,
Setup:

Pallet change once per shift is adjusted according to the new part,

Cleaning:

Cleaning is done in the work area for 2 minutes at the beginning of each shift,
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General Information about the Robot in the Work Cell:
UR 10 type collaborative robot,

The load to be used is 100- 250 N,

Momentum control available,

Speed limiter,
Axis limiter,
Area limiter,

Adjustable Robotic Grabber/Grip:

Electric gripper type R 85 with adjustable two claws,

Weight 5 kg,

The force it can apply is 5 — 220 N,
Information on the Workpiece:

Weight 4 kg,
Aluminum,

30 mm X 80 mm X 80 mm, radius 0.5 MM on edges and corners,

Fixture:

Simple pocket type that fits the part to the assembly place,

Dimension 500 mm X 300 mm X 40mm

Radius 0,50 mm on all sides

The parts fit into the fixture softly,

Table 11: Work and risks related to the process (Dominguez, t.y.)

Work

Risk

Jamming while grabbing

Crush between empty gripper and part

Jamming while grabbing

Robot bracket, fixture, conveyor and bench crush between

Jamming while grabbing

Crush between robot elbow and part

Approaching the robot tour/path

Collision with robot arm

Approaching the robot tour/path

Robot elbow/articulated collision

Approaching the robot tour/path

Collision with the grapple

Approaching the robot tour/path

Collision with the workpiece in the gripper

Approaching the robot’s motion path

Crush between gripper, fixture, conveyor, workpiece

Clamp jaw loosening

Crush between gripper, fixture, conveyor, robot arm

Clamp jaw loosening

Crush between gripper, robot joint, fixture and bench

Clamp jaw loosening

Crush between robot joint, fixture, conveyor and bench

Process quality control

Crush between gripper, fixture, conveyor, robot arm

Process quality control

Crush between gripper, robot joint, fixture and bench

Process quality control

Crush between robot joint, fixture, conveyor and bench

Correct part direction

Crush between gripper, fixture, conveyor, robot arm

Correct part direction

Crushing between gripper, robot joint, fixture and machine

Correct part direction

Crush between robot joint, fixture, conveyor and bench

Touching or grasping the robot

Entangling/wrapping with robot arm or knuckle

Touching or grasping the robot

Clamping and entanglement of the part
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9.3. Risk Assessment in Collaborative Robots

In human-Robot collaborative (HRC) applications, since operators and robots work in a shared space,
their close interaction increases the likelihood of direct physical contact due to the nature of the operations
or the operator’s mistakes (misunderstanding of instructions, malicious intent). and these undesired physical
contacts can also lead to dangerous situations for the operator. In order to identify and prevent such situations
as much as possible, a comprehensive approach should be defined and developed for the safety assessment of
the following human robot collaboration applications.

* To comply with risk analysis and robotic safety standards,

» To ensure that there are no unforeseen dangerous situations during the design of the systems with official
verification,

* To focus on the hazards arising from the behavior of the operators,

* Examining possible risks by examining the operational perspective and experiences of the operator wor-
king with collaborative robot, instead of automatically identifying the hazards,

» Estimating the severity of the identified hazard as a quantitative value, called risk, calculated based on a
detailed analysis of the entire system (e.g., severity of injury caused)

» Suggesting appropriate solutions known as Risk Mitigation Measures that reduce the risk to a negligible
threshold,

* The aforementioned factoring approach uses formal methods for specification and verification of system
properties and focuses on the following steps.

* Observe a real (HRC human-robot collaboration) case study with robotic environments to gain a common
understanding of safety requirements, hazards and solutions,

* A consistent methodology is defined to identify applications and verify that they provide minimal security,

* A modular model of the case study is created using a solvable piece of trimetric temporal logic and an
iterative validation is performed according to the defined methodology using the Zot (a limited validation
checker) tool,

» The model is generalized so that it will be adapted to different case studies with the least number of chan-
ges necessary,

» Evaluate the methodology and generality of the model with new case studies,

* A framework is created to help security engineers design a system and iteratively fitted as many times as
possible to make the design reliable,

* Extend the use of the framework to runtime, helping safety engineers to monitor the system, detect hazar-
ds, and take appropriate action in a timely manner,

9.4. Security Analysis through Official Verification in human- Robot collaboration

In Human-Robot Collaboration (HRC) applications, close proximity and direct interaction between robot
and operator are unavoidable, so providing safety for the operator requires more effort and a more rigorous
approach. Thus, the safety of machinery community has published several standards which include a list of
significant hazards in HRC applications, potential sources of harms for the operator, their likely origins, and
safety regulations for guiding the design and deployment of robotic solutions. In particular, ISO standard
10218-2 identifies four possible collaborative modes between humans and industrial robots. Of these, Power
and Force Limitation (PFL) is the one involving actual physical contact, and it is associated with strict safety
requirements in terms of pressure and force thresholds, in order to limit the effects on the human body.

HRC applications must be evaluated through the analysis laid out in ISO standard 12100 [12], to identify
existing hazards and unwanted situations due to intentional misuses or unconscious errors of the operator; and
to prevent their consequences, which are measured in terms of quantified risk values.
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Figure 7 shows the stages of a standard iterative risk analysis (resulting in the CE marking in the case of
European directives).

* Limits of Machinery: The desired tasks of the robot and its machinery regulations and constraints are de-
termined.

» Hazards Identification: The existence of hazards (and combinations thereof) listed in product-specific
standards such as ISO 10218-2 is identified.

» Risk Estimation: The risk values associated with hazards identified in the previous step are measured. Many
risk-scoring methods are introduced in all of which combine the severity of a harm with its likelihood.

» Risk Evaluation: The significance of each hazard is evaluated. The methods reported in [14] help determi-
ne the range of acceptability for the risk scores.

* Risk Reduction: If the risk value is not negligible, appropriate measures are (iteratively) introduced to
reduce each risk, either by redesigning the system to eliminate the hazard, or through the introduction of
a safety function (e.g., “full stop in case of a signal from a protection sensor”), which needs to be verified
against suitable requirements of reliability and availability.

The process continues iteratively until no new risk is identified and the residual risk value is acceptable.
New risks may appear due to hazards related to risk reduction measures, or to operator behaviors in reaction to
such measures. Devices and protection measures can alter the course of actions (use and misuse).

Security analysis through formal validation in HRC applications the SAFER-HRC (Safety Analysis throu-
gh Formal verification in HRC applications) methodology, which provides a technique to comprehensively
identify hazards through the exhaustive exploration, rooted in formal methods, of the behavior of the target
system. Among the different types of hazards (e.g., electrical, ergonomic, ...), this work addresses operational
hazards with a specific focus on those that are caused by human-robot interactions. Although we do not claim
that SAFER-HRC guarantees that all possible hazards in a system are found, we argue that the exhaustive
exploration on which the methodology is based helps increase the confidence that no significant hazardous
situations are left unconsidered. To achieve an exhaustive analysis of the system model, we rely on the sta-
te-space exploration capabilities of formal verification techniques. Due to the impossibility of foreseeing all
possible behaviors of the operator, it cannot be claimed that all possible interactions of operator and system
are taken into account; nevertheless, an iterative methodology based on formal verification techniques can
eventually provide a thorough analysis of all significant ones. At each iteration, if the design fails to satisfy the
desired safety requirements, it is improved by adding new risk reduction measures. This methodology relies on
a “human-in-the-loop” approach and it does not automatically select risk reduction measures.
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Figure 15: Overview of the safety analysis methodology: (a) standard procedure;
(b) principal model of SAFER-HRC; (c) scenario refinement. (Askarpour et al., 2016)
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As shown in Figure 11, the safety strategy is designed and acknowledged by a pool of experts and users of
the application under assessment (the safety assessment team). The essential aspect of the proposed metho-
dology is the systematic validation of the constraints and their possible violations at all steps of the application.
The thoroughness of the validation ensures that the selected safety strategy is failsafe. SAFERHRC starts from
informal, goal-oriented descriptions of collaborative tasks, and converts them into formal models built upon
logical formulae, on which formal verification techniques are applied to check whether the safety requirements
are satisfied or not. The model includes separate formalizations for operator and robot; hence, the verification
phase also checks their interactions, taking into account how they are affected by the physical environment.
After the principal model has been thoroughly analyzed, it can be modified and re-used to study different
scenarios for the HRC application (e.g., combinations of different safety functions, uncommon actions by the
operator).

The main contributions of the methodology presented in this study are:

* Applying formal methods to the safety assessment of HRC applications, where the presence of the ope-
rator negatively impacts on the predictability of the system behavior, but also imposes demanding safety
standards that must be rigorously studied.

* Providing a flexible approach that supports the safety assessment team in thoroughly exploring different
design assumptions, thus complementing the human insight with the power of formal verification.

10. OVERVIEW OF SAFER-HRC METHODOLOGY

SAFER-HRC is a semi-automatic verification methodology that uses formal verification techniques to
detect violation of the security requirements specified in ISO 10218 during the design of collaborative robotic
systems. As shown in Figure 7(, SAFER-HRC has a security assessment team (SATeam) at its core. SATeam,
which includes robotics and formal methods experts, examines the limitations of machines and the tasks of
the target robot and predicts possible human-robot interactions. It also identifies which of the hazards listed
in ISO 12100 may occur and evaluates techniques based on the level of risk defined in ISO standard 14121.
At SAFER-HRC, SATeam relies on a formal model of HRC implementation to support and systematize these
activities. Rather, SATeam starts with informal, textual descriptions of tasks and then builds UML diagrams as
a bridge to the formal representation.

10.1. Collaborative Robots and Risk Assessment

Traditional robots have done very heavy work for many years under various protective fences and elect-
ronic measures, but since no living things are allowed to enter the area they work, they have always worked
alone in the area allocated to them. With the introduction of collaborative robots, the working environment
has completely changed, the protective fences, light curtains and similar protective elements surrounding the
robot’s working environment have been disabled, and in addition, they have started to work in cooperation
with people in the working areas. In traditional robots, since the robot works alone and every object that may
pose a risk is prevented from entering the robot’s work area, the risks of occupational accidents were much
less than in collaborative robots, because the collaborative robot’s constant presence with the operator in the
collaborative area greatly increased the risk of accidents involving humans. Therefore, in order to minimize the
risks, the severity and probability of injury for the employee must be determined by different parameters, and
it must be determined that the robotic system and its environment meet certain safety levels before being con-
sidered safe for collaborative work. A risk assessment is the only way to determine whether a potential hazard
exceeds acceptable standards for safety. In order to make an appropriate risk assessment, the relevant standar-
ds and regulations of the country in which the collaborative robot, the cobot, must be verified must be verified.
For this, the support of the company that will integrate the robot in the enterprise is most important. with
the recent release of the technical specification ISO/TS 15066, an updated version of the ‘Risk Assessment
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for Collaborative Robots’ was required. Since certain previous parameters have been adjusted or new ones
established based on this tech spec, this revision has incorporated this information. Still, we must remember
that safety requirements are a work in progress and periodic revision is a necessity. Today, while collaborative
robots are widely marketed in almost all branches of the industry, it has become necessary to provide detailed
information about possible safety issues and concerns regarding them. With the introduction of technical spe-
cification ISO/TS 15066, a lot of data, calculations and methodologies have been developed to make sure your
collaborative robot application is safe for use alongside humans. However, the technical specification has no
effect on the certification of the robot and its application. This is why robot manufacturers will still use third
parties to accredit their robots. This means that according to some designated external safety body, the robot
under certain given conditions is certified as being safe as a tool. This does NOT mean that the application will
automatically be safe. So, this means that the application in its entirety requires a risk assessment. This is why
you should build an internal knowledge in terms of safety, so you can use your past experiences to build a new
risk assessment for any given situation.

Although the production, management and safety of all kinds of machinery and equipment must be ensured
in line with the norms and regulations used by that machine or equipment, these standards are an International
Standard that is accepted and approved worldwide, forming the norms of all kinds of products from medicine
to robot safety. Organization (ISO). They provide guidance on the design, use or performance of materials,
products, processes, services, systems or persons. Standards ensure consistency of essential features for goods
and services, such as quality, ecology, safety, economy, reliability, compatibility, interoperability, efficiency
and effectiveness. So, this is basically a guide that should be followed in order to produce things within the
safety guidelines for a particular product or production process. However, a standard is not legally binding,
though in reality they often have the effect of law. The fact is that even though standards are not laws, they
can be used to complement laws and are often thereby incorporated into them. So, if a governing organization
is promulgating a law, it will probably refer to some standard, ISO or other, which is already established by
world experts instead of reinventing a whole new standard. This might then unify different existing laws and
reduce the complexity of the law, since it might refer to standards that are already being followed. You should
notice that there could be organizations other than ISO that could provide standards relative to your robotic
cell, like the International Electrotechnical Commission (IEC) that also establishes standards.

A short list of some organizations that promulgate standards:

ISO (The International Organization for Standardization): The International Organization for Stan-
dardization is an international standard setting body composed of representatives from various national stan-
dards organizations. The organization promotes worldwide proprietary, industrial and commercial standards.

OSHA (The Occupational Safety and Health Administration): The Occupational Safety and Health
Administration is an agency of the United States Department of Labor. Their mission is to assure safe and he-
althful working conditions for working men and women by setting and enforcing standards and by providing
training, outreach, education and assistance.

ANSI (The American National Standards Institute): The American National Standards Institute is a
private non-profit organization that oversees the development of voluntary consensus standards for products,
services, processes, systems, and personnel in the United States.

CSA (The Canadian Standards Association): The Canadian Standards Association, a division of CSA
Group, is a not-for-profit standards organization which develops standards in 57 areas. CSA publishes stan-
dards in print and electronic form and provides training and advisory services. CSA is composed of repre-
sentatives from industry, government and consumer groups. Otherwise, each country or region can decide
which standard it will use for its laws or regulations. However, other organizations, such as the Conformité
Européenne (CE), apply directives for the whole European Union. This type of organization is not writing
standards, but it is using them to provide legal guidelines to products that are manufactured or imported in
European Union countries.
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ISO standards are constructed in a way so that the Highest-Level standard is the first reference. Among the
various standard levels are the most specific safety standards applicable to robots, industrial robots, collabo-
rative robots.

Essentially, the A-Level standards are the highest-level standard. They apply to fundamental safety know-
ledge, basic design features and general machine aspects. The B-Level standards are more specific to
particular devices that can be found on different types of machines. It is still a general standard, but it goes into
specific safety features. C-Level standards are specific safety requirements for a specific kind of machine,
a robot for example. As you go down the diagram illustrated in Table 12, you get more and more specialized
or refined for your product or process. For example, ISO 12100 - Safety of machinery defines different basic
concepts such as risk assessments and risk reduction for all types of machines. But, the ISO 10218 — Robots
and robotic devices is written specifically in terms of robotics and uses robotic examples for detailing safety
requirements for industrial robots. Both standards pretty much provide the same function, i.e., machine safety,
but since ISO 10218 is specific to robots, this is a more direct way to communicate.

ISO 13482 was issued in 2014 and is specific to Personal Care Robots which allows close human robot
interaction and even human robot contact.

:--
=
&
=
E

Table 12: Standard Levels (Bélanger, 2016)

The revised ISO 10218 standard Parts 1 and 2 and the ISO/TS 15066 Technical Specification, define the
safety requirements for the sphere of robots and especially collaborative robots.
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Besides the robot itself, the collaborative robot in this context includes its end effector; (i.e., the tool atta-
ched to the robot arm with which the robot performs tasks); the objects moved by it; its environment; and all
its potential interactions. Close or direct contact between the collaborative robot and the operator gives rise by
definition to the possibility of collision. The robot manufacturer’s risk assessment must therefore also cover
the intended industrial workplace.

* Technical Specification:

A Technical Specification represents an agreement between the members of a technical committee and is
accepted for publication if it is approved by 66% of the members of this committee. The content of the tech-
nical specification is a normative document representing the technical consensus within an ISO committee.

In the case of collaborative robots, ISO/TS 15066 was released to give further data and support for ISO
10218 that did not have a lot of information directly relating to collaborative robots. It has the TS (Technical
Specification) nomenclature because more application knowledge and data need to be analyzed before accre-
diting it as a standard, i.e., it is still a work in progress. Important data such as acceptable pain levels and body
part inertia have to be considered in the design of any future standard to establish a force/energy/speed limit
for collaborative robots.

¢ Risk Assessment:

The literal definition of a risk assessment is: The identification, “evaluation and estimation of the levels
of risk involved in a situation, their comparison against benchmarks or standards and the determinati-
on of an acceptable level of risk”. In the robotic world, a risk assessment is used to evaluate potential risks
— and afterwards mitigate them to achieve acceptable levels — of potential risk of harm to a human worker
during the operation of a robotic system. To conform to the ISO standard, all machines must pass through a
risk assessment in order to make sure it is safe. As cited in previous sections, some devices have already been
approved by their manufacturers or a third party and this simplifies the risk assessment process since you don’t
have to verify the safety level of certain parts, the robot actuator, for example. However, even if the robot’s
internal components and software have been certified, this doesn’t mean it is safe relative to its surrounding
environment. Especially in the case of industrial applications, usage is so varied that it is impossible for a part
manufacturer to approve any given process. This is where the risk assessment comes into play. Another way to
look at this is that you need to evaluate each industrial application as a whole and not each device separately. If
you take the example of a sharp part or a knife being manipulated by a certified robot, this does not mean that
the application is safe, even if each part is safe in and unto itself.

*  Why is Risk Assessment Necessary?

Ensuring your worker’s safety is your responsibility. The risk assessment is a tool to achieve worker sa-
fety. In some areas of the world, local laws and regulations impose doing a risk assessment for any machinery
installed on the factory floor. Not all governing regions will require you to respect standards, but most safety
institutions will have laws incorporating or referring to safety standards. This also applies to large corporations
that usually have their own safety guidelines. So, you will most likely have to comply with some standard,
ISO or other, when integrating and designing your robotic cell in order to respect the laws in your region and
ensure worker safety. Risk analysis is then performed against selected standards to ensure workplace safety,
either at the national or global level. In cases where the safety of the robotic cell is desired, it will be necessary
to perform tests according to all the points required by the selected standards and to make the work cell safe.
The performance of the cell must also be documented according to this standard.

* Risk Analysis Process:

As most devices used in robotic cells will already have a certain level of performance, the risk assessment
for the end user or integrator will mostly be about the application itself. The steps related to the process are
outlined in the diagram below.
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Determine the system’s scope
(space, usage, time, environment)

A

Identify risk sources
(all work operations during the life cycle)

"

Estimate the risk
(determine PLr with S, F and P)

|

Evaluate the risk
(is action required?)

Yes
Is the risk acceptable?

Risk reduction process
(pre-empt, use protection, information)

Figure 16: Risk Reduction Process (Bélanger, 2016)
Determine Scope:
This part of the risk assessment is a description of the context of the use of the machine.
*  Where (in which process) will the robot be used?
*  Which tools will be used?
*  What objects will be a part of the operation?

Answers to the above questions are sought. In addition, the maximum speed, acceleration, reach, load ca-
pacity and part weights of the robot should be added to this study. These values are very important for the risk
assessment to be realistic, and it may be necessary to add some other information to this.

Identify Risk/s:

It is necessary to list any operation that may pose a danger. These operations include not only the
robot operation, but everything from the moment the robot is delivered off the truck to the moment you
decommission it. This part of the analysis might seem a little exaggerated, but it can also sometimes be un-
derestimated. Earlier last year, the media was full of a tragic case where a robot crushed a worker to death
during the installation process. So, a risk assessment will analyze the different motions and actions of the robot
throughout its lifespan and simply divide each operation for further analysis. This process is called task-based
risk assessment.

Estimate Risk/s:

From the observations you have made during your risk identification analysis, you then need to rank the
risk of given motions. There are various ways to monitor or rate a risk. To simplify the explanation, I will use
the same example used in ISO 13849-1: 2006.

Risk is estimated using the Performance Level Rating (PLr) nomenclature. This analysis uses three diffe-
rent parameters: severity of injury (S), frequency of exposure to a hazard (F) and the possibility of avoiding
the hazard (P). To simplify reading, I will use the S, F and P nomenclature.
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So, the basic way to estimate a risk would be to rate each parameter and go through a risk estimation tree
to see what the risk level is. On the risk evaluation tree, the top case represents the lowest risk and the bottom
case represents the highest risk.

. = Femmpamcy / Avoidance of the |Perfomance Level
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Figure 17: Risk estimation diagram (Bélanger, 2016)

To quantify the PLr, the following parameters have to be evaluated.
S: Severity of injury

S1: Slight (normal reversible injury),

S2: Serious (normally irreversible injury or death),

F: Frequency and/or exposure to hazard

F1: Seldom to less often and/or exposure time is short,

F2: Frequent to continuous and/or exposure time is long,

P: Possibility of avoiding hazard or limiting harm

P1: Possible under specific conditions,

P2: Scarcely possible,

Notice that some risk evaluation trees will have further choices to choose from. Some nomenclature will
split the parameters into three or more different intensities instead of two. This will give a more precise estima-
tion of the risk. In any case, the goal is to identify if the risk is too high for the robotic cell. Which brings us to
the next step of the risk assessment: risk evaluation.

Evaluate Risk/s:

After identifying the risks identified in the process, actions should be taken to reduce these risks. The links
between the Performance Level Rating (PLr) and the overall Performance Level (PL) should be reviewed. To
restate this, if you estimate that your cell or application has a high risk (PLr = high) you need to ensure that the
safety features that will secure this application will have a Performance Level equal or greater than d (PL > d).
In this case d or e. This ensures that the risk will be monitored or secured by a device that will be able to accept
the level of danger present.
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Figure 18: Evaluating Risk (Bélanger, 2016)

In many cases, it is desirable to be in the low or negligible category to make sure employees are safe. In
case of falling outside of this acceptable category, various levels should be applied. If the risk assessment gives
a potentially high risk; it is necessary to focus on these risks and reduce or eliminate them. As the risks dec-
rease, it is necessary to back up the risk identification chain for risk analysis and complete the whole process
again to ensure that the downloaded risk does not pose another risk. Let’s say you want to integrate some pro-
tections to prevent collisions, but if this protection increases the likelihood of a worker being crushed during
maintenance operations, then the configuration of this protection needs to be reconFigured by reviewing it.
Any configuration change requires a review of the entire system.

Risk Reduction Process:

As cited in the last section, you need to make sure the risk elimination, reduction or avoidance does not
come into conflict with other aspects of the robot cell or does not create a bigger risk for the workers somew-
here else in the robot cell application. This process is really iterative and needs to be done very carefully by
considering and reconsidering each potential risk as you go back up the chain.

What is a Risk Assessment for Collaborative Applications?
There are four types of collaborative applications:

» Safety monitored stop,

* Hand guiding,

» Speed and separation monitoring,

» Power and force limiting,

{ad]

This method makes it possible to use robots
without requiring a safety cage, even in
applications that are not safe in human-robot
interaction.

The robot system
stops before
workers are
exposed to any
danger, but the
robot remains
powered on

.

Users using Universal robots e-series can customize
with options such as stopping time and distance.

Figure 19: Classified safe posture method (Start Working with Cobots Now, n.d.)
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Safety Monitored Stop:

In other words, the robot stops when the operator enters the collaborative space. So, let’s say the robot
is monitored by a laser scanner, safety switches or a vision system that detects the presence of a human, the
system will then shut down all robot motion to make sure the human cannot be harmed. Notice that the robot is
not completely shut down, in fact, it has simply stopped all its robot motors though it is still monitoring all their
positions. In order to prevent an accident, a processor is analyzing if the robot is where it should be (Safety Le-
vel 3). This kind of collaboration can be used if the robot has to be in close proximity to a worker, for example
if a robot has to lift something heavy and a worker has to do a second operation on the part. The robot is usually

stopped before the operator enters the collaborative workspace.

Hand Guiding:

—J

Refers to the physical
operation of the robot

The operator can
operate with an arm-
operated system or by
moving the arm of the
robot

Figure 20: Hand Guiding Method (Start Working with Cobots Now, n.d.)

In this case, the robot’s motions are only possible using the direct input of the operator. So, you literally tea-
ch the robot where to go. Notice that all robots using this kind of collaboration need a device that will allow it
to sense the force exerted on the robot tool. Force torque sensors at the robot wrist or at the robot actuator can

be used to achieve these applications.

Speed and Separation Monitoring:

External safety equipment, such as a field scanner, slows down the
robot when the minimum distance requirements between the human
and the robot are not met - for example, when the robot gets too close
to the human.

| 1

Figure 21: Speed and Separation Monitoring Method (Start Working with Cobots Now, n.d.)
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This type of collaboration is achieved when different safety zones are delimited in the robot working space.
Certain zones will allow maximum speed for the robot though some zones will require lower speeds, because
of the potential proximity of the worker. Other zones will stop the robot altogether, usually because the wor-
ker is very close to the robot. The monitoring of the safety zone is done by different monitoring systems
mostly using vision. The safety zone can be of any size and geometry, the user will set different zones and will
associate different acceleration and speed settings to these zones to make sure the worker will not be harmed
by the robot under any conditions. This might occur in cases where collaboration between the human and the
robot is not constant and where the robot will work most of the time at full speed, alone. Doing it this way can
speed up the process and still allow worker robot collaboration.

Power and Force Limiting:

Robot safety features guard
against the risk of injury to
humans if it is about to exceed
the maximum allowable force or

Thanks to safety functions such as
motion, speed, force and power
monitoring, the human and robot
system can move simultaneously in

momentum the same workspace.

According to the risk assessment
result, the robots can be operated
without conventional safety fence
or equipment. ISO/TS 15066 is a
valuable guide to the risk
assessment of robot integration.

The universal robot safety system can
limit the robot speed according to its
carrying capacity to avoid harm to
humans.
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Figure 22: Power and Force Limiting Method (Start Working with Cobots Now, n.d.)

By inherent design and control the robot is able to feel an abnormal force being exerted on its body. So, in
the case of contact, the robot only imparts limited static and dynamics forces. In other words, once it hits so-
mething the actuators and brakes act to provide less energy (inertia) in the direction of the impact. Some robots
will simply stop and others will respond by moving in the opposite direction from the impact. These robots are
used for a wide range of applications.

During the application of the working methods mentioned above, risk assessments should be made for the
following situations.

* Distance Before a Complete Stop: This parameter is being used in speed and stop monitoring, for colla-
borative mode. The TS provides a complete calculation of the distance (and time) required for a robot to
stop. This parameter has to be set and approved to limit the speed of the robot if it is working alongside
humans. The calculation will include the different speeds involved (robot and human) and the distance
separating them, as well as a couple of other parameters that will allow you to calculate the stop time, dis-
tance and speed required for the application.

* Speed Conditions: This part of the Technical Specifications is generally used for safety monitored stops.
In fact, this part of the risk assessment will list the different conditions under which you can run the robot
and at what speeds, as well as when it should stop. So in certain types of conditions, you will be able to run
the robot full speed and in other enumerated situations, the robot should slow or stop completely (though
it can still remain powered).

* Force: Since human robot collaboration most probably will include human robot contact, it is important to
have data on what is the limit a robot can reach without harming humans. The technical specification uses
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a study which analyzed human pain levels and uses the different data of this study to establish acceptable
force thresholds that a human can endure without permanent harm. The chart that was created lists all body
parts and gives precise force thresholds that should not be contravened at any time during the collaborative
operation. Note that this data is only valuable in the use of power and force limited robots. In fact industrial
robots even when they are used in a collaborative operation should never come in contact with humans at
their normal running speeds.

* Pressure: Pressure is the force applied divided by the surface area of the part applying the pressure. As the
robot can create certain forces on the human worker (uniquely in force and power limited applications) the
pressure area might need to be enhanced to make sure that the robot does not overshoot acceptable pressure
levels. This means that the surface area might need to be enhance and perhaps cushioned or made compli-
ant to make sure too large an amount of pressure isn’t applied.

e Transient and Quasi- Static Forces: The new technical specification lists maximum forces (thus pressure)
that should not be breached in the use of robots. However, there is a slight difference between a static and
dynamic force. In fact, an impact is calculated by the relative speed of each object. If you are moving in the
same direction as the robot, the impact won’t be as strong as if the robot is running straight into you while
you are standing still or while you are moving towards it. So, if we are going to make a short definition of
each type of contact;

* Quasi-Static Contact: This type of impact includes clamping or crushing situations in which a part of
the body is trapped between a moving part of the robot and a fixed or moving part of the robot cell. In this
precise situation, the robot will apply a force/pressure on the trapped body for an extended amount of time
until the robot is removed. This type of contact requires a smaller force to reach the pain threshold.

* Transient Contact: This type of impact is referred to as ‘dynamic impact’ and describes a situation whe-
re the moving robot hits a human body part with the possibility to retract or recoil without clamping or
trapping between the robot and the human body part. This type of impact is considered as being of short
duration. A transient contact depends on the inertia of the robot, the inertia of the body part and the relative
speed between them.

e  Who should Perform the Risk Assessment?

There is no absolute answer to this question. In fact, end users can perform risk assessments in their own
plant. However, integrators are used to doing these evaluations and are usually faster than having to learn
the whole process from scratch. Integrators will have templates and will know exactly what to do first to
reduce a risk at the design stage. Doing it yourself is still doable, but will involve more time. On the plus
side, you will gain in-house knowledge on how to perform a risk assessment. On the down side, you will
keep all the liability in-house as well.

e Manufacturer Certification:

A risk assessment is required for the entire robotic cell. In this environment, the robot will be playing a
major role, but all other devices will also be involved in the risk calculation. This is the reason why each
manufacturer should provide a minimum certification for their product, so the end user does not have to
repeat the entire risk assessment ad nauseam. For example, if we give an example of an ordinary household
electrical appliance, if it is not used in accordance with the manufacturer’s warnings, it may cause an ac-
cident. For this reason, the company that manufactures this tool must perform a risk analysis to determine
the dangers that may arise during the use of this tool by the end user. Therefore, a series of warnings will
be given in line with the information obtained in the risk analysis to the instructions for use attached to
the device. If this power tool is to be used in European countries, CE recommendations will also
be required to be complied with during manufacture. These requirements are certified by the manufac-
turer itself and not by a third party. These standards are the minimum to be used in European countries.
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However, if you want your product to respect a given standard you may want to use a third party to approve
your product. In this case, the approval of an insurance company or neutral accreditation body can be obta-
ined as a third party before the robot is put on the market. These organization(s) can ensure that their robot
has the highest level and trusted security certification, stating that it is likely to apply the strictest standards
in terms of security. Later this document can be used in different countries, but still needs to be approved by
the local norms that it will undoubtedly meet. In general, the manufacturer will definitely prefer to attach
the documents of the product with a reliable document accepted in the market in order to certify that it sells
the most reliable product in the market.

Performance Requirements:

If we go into deeper detail on what is considered as acceptably safe in a robotic cell, we have to refer to

section 5.4.2 Performance requirement of ISO 10218-1:2011 which states:

Safety related parts of control systems shall be designed so that they comply with PL ‘d’ with structure

category 3 as described in ISO 13849-1:2006 (Safety of machinery),

A single fault in any of these parts does not lead to the loss of the safety function;

Whenever reasonably practicable, the single fault shall be detected at or before the next demand upon the
safety function;

When the single fault occurs, the safety function is always performed and a safe state shall be maintained
until the detected fault is corrected;

All reasonably foreseeable faults shall be detected.

In order to respect the ISO standards, all equipment or machinery must respect a certain level of safety.

This level, the Performance Level, is set with regards to the probability of failure for the equipment being tes-
ted. Table 13 describes the different performance levels set out in ISO 13849-1.

Table 13: Performance Level (PL) (Barette, 2016)
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The structural category depends on the amount of redundancy that your device uses. To put this another

way, if you have a single channel hardware (encoder, for example) you will have a lower level of redundancy
than a system that is using double encoders that double check each other to ensure the position of the robot is
right where it should be. The following diagram demonstrates the different category levels.
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Figure 23: Levels of Category (Barette, 2016)
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Without going into complete detail regarding the diagram, Category 1 would include a simple single chan-
nel safety hardware. For example, a switch (input or I) that is turned off will be treated by the Logical device
(L) and will result in a stop (output or O).

A Category 2 device will include a second device (TE or Test Equipment) that will always verify the validity
of the input and output (OTE Test Equipment Output) for the main system and will react when a failure occurs.
We can consider that a device with an emergency stop can be considered as a Category 2 safety device. A Ca-
tegory 3 or 4 device incorporates two parallel devices that will act independently, but will always double check
each other to make sure they have the same signal. This way, a single fault can occur and the second channel
will still be able to see that there is a fault. This ensures that the system can still read a defect if a channel has
failed. As you may have seen the different nomenclature elsewhere, PL=d category 3; you now know what it
all means. Most safety devices (Safety relays, key switches, estops, etc.) will be rated in this nomenclature. As
mentioned before, all devices that will be involved in the collaborative robot cell must be rated at least PL=d
category 3 to respect the ISO standards.

10.2. Collision and Injury Criteria for Working with Collaborative Robots

Hazards to humans from robots and machinery have traditionally been controlled by fencing, locking
and cordoning off. Today, a newer type of collaborative robots/cobots have been developed that can share
workspace at a closer distance and are designed to have human and robot work closer together. This requires
new approaches to maintain a safe space between humans and robots and to set standards that can adequately
protect humans working with robots from the health and safety risks of collaborative robot systems. There-
fore, preparation of a Technical Specification draft that will provide guidance on acceptable risk levels, risk
assessment and countermeasures by ISO has come to the fore, and this draft has tried to answer the following
questions regarding collaborative robots;

e Whether force limits defined in the draft TS 15066 are safe and realistic;

*  Whether methods proposed in the draft TS 15066 for testing the force limits are likely to be reliable, rea-
listic and pragmatic for risk assessment of collaborative robot systems under real circumstances;

*  Whether the proposed approach in the draft TS 15066 is likely to adequately protect people from the risks.
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The development and implementation of collaborative robots takes place in industries with or without he-
alth and safety restrictions. When determining adequate levels of security for applications, it is important to
avoid those regulatory requirements create vulnerable lines. The use of collaborative robots is seen as a pos-
sible growth area with significant pressures expected by the industry. Safety recommendations should ensure
the development and maturation of the workplace while preventing the development of serious accidents.

10.3. Development of the Draft ISO Technical Specification:

During the studies, a largely revised draft was initially prepared under the title of ISO/TS 15066 and Colla-
borative Robots. A substantial amount of this project report was completed based on the first draft Technical
Specification titled ‘Risk assessment according to mechanical hazards of workplaces with collaborative robo-
ts — Specification to safety requirements for collaborative robot operation which are defined in ISO 10218-1
and ISO 10218-2’ but every effort has been made to update the text to take into account the more recent ISO
document.

The various body injuries that a person might sustain from collaborative robot systems, ranging from
minor surface injuries to fatal injuries, can be put into a classification system. The description of the type and
degree of body damage forms the criteria for classifying the injury — the injury criteria. An injury criterion,
as defined in the draft ISO/TS 15066, is a ‘selected biomechanical threshold which corresponds to a defined
injury severity’.

Collision criteria are the properties of a human-robot collision that lead to a certain level of injury. The cri-
teria are generally a description of the pressure, impact and shear forces acting on a body area that lead to a
given type and degree of injury.

A definition of injury criterion is; -An injury criterion is a mathematical relationship, based on empirical
observation, which formally describes a relationship between some measurable physical parameter interacting
with a test subject and the occurrence of injury that directly results from that interaction-. The same source
provides the definition of the tolerance level for injury criteria; - “The tolerance to injury can be defined as the
value of some known injury criterion that delineates a non-injurious event from an injurious event. Or, phrased
another way, the tolerance is the minimum dose associated with a specified probability of producing injury of
a specified severity-

Various force limits for robot-human collisions are being proposed, and an assessment of whether these
appear to be safe and realistic is sought. An assessment of whether the proposed measures can be practically
implemented is grouped with 3 purposes.

* Gauge the research available on crush / pinch / shear force limits for various body parts. Provide overview
of available research. Find out what research the proposed force limits are based on, including discussions
with the primary originators of the first draft of the standard.

» Examine the approach of defining body areas & force limits, given realistic foreseeable scenarios. Provide
initial views on whether forces & measures proposed are safe & realistic, or what further steps are needed
to establish this.

* Carry out an initial appraisal of whether robot designers and installers are likely to be able to implement
the proposed approach, given technological limits of robotics and force measurement instrumentations and
costs. Consider measurement instruments available, and further steps / research required to establish rea-
listic measurement methods. Give consideration to realistic collision scenarios, and whether the approach
suggested in the draft standard is pragmatic. (Rayne and Patel, 2001)

10.4. Security of Collaborative Robots:

Figure 19 includes the criteria to be considered for the safety of collaborative robots, and Figure 17 shows
the possible risks that may arise in case of collisions between humans and robots.
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Collaborative Robots Safety Research — Subject Areas
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Table 14: A draft structure for safety research on collaborative robots (HSE, 2012)
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Figure 24: Aspects of human-robot collisions (HSE, 2012)

228

OCCUPATIONAL SAFETY APPROACH IN COLLABORATIVE INDUSTRIAL ROBOTS




* Recommended Force Values for Injury Criteria with Collaborative Robots

The force limit values in the draft International Standardization Technical Specification for ISO/TS 15066
seem quite reliable when compared to other values found during this study, but this does not necessarily mean
that the values are safe and realistic. however, there should not be any lack of research on the tolerance limits of
the human body due to the ethical and practical issues involved in obtaining good data in this area.

The developers of the force limits (according to work at a research institute in Germany) have confirmed
that the force values are based on a comprehensive review of available data, but data on what injury levels are
acceptable for a given crash frequency, even if the force values limit bruises to the skin without deep scratches
to the skin as recommended. must be determined.

Injury limits in draft ISO / TS 15066 are set not to exceed AIS/Abbreviated Injury Scale level 1; these
forces should not cause skeletal damage.

However, it is worth noting that the AIS level 1 injury criteria include one broken rib, so the AIS scale cri-
teria don’t appear to be entirely suitable — this raises the question of whether a customized injury criteria and
classification system would be beneficial.

Given the lack of available data for certain parts of the body, and speaking of variable quality for all body
regions, there is some doubt as to whether the predicted forces will adequately protect all areas of the body
under a variety of possible real-life collision conditions.

Unless the suggested force values are tested on various real people and cover all possible variables (impact
area, impact angle, impact velocity, etc.), different unforeseen risks will come to the fore.

In addition, people have a tolerance for injury and variables such as avoidance of collisions or falls (rates
of reaction and ability to avoid overbalance) because force values may not affect everyone to the same degree.

e Applying the limits to real risk assessments

Without investment in standard instrumentation and testing methods, it is not possible to reliably use the
limits outlined in the draft. Already, the ISO / TS 15066 draft also states that standard equipment has been de-
veloped for testing robot collisions. Once standardized instruments are ready for use, it will also be necessary
to consider the possibilities in advance of making sure of appropriate test points in the complex human/robot
cycle and what to do in case of misbehavior that will cause unplanned movements and collisions.

The recommended force limits are designed to be applied when an undesirable situation (contact) occurs
for any reason in systems that need to maintain a safe distance between the human and the robot. Robotic sys-
tems are good at precisely tracking a repetitive programmed motion pattern, but system security is low when
humans perform this task. The accidents that have occurred have shown that unpredictable human behavior and
movements are one of the leading factors that cause accidents.

In order for the robotic system to maintain a safe distance from humans, it must be able to precisely mo-
nitor and manage the potentially volatile and unreliable behaviors and movements of the people around it. If
robotic systems use tracking and avoidance systems to prevent collisions caused by human contact, this will
add a wealth of movement to the robot.

Since the relative movements of human and robot are potentially complex and variable, conditions at the
moment of human and robot contact in any collision are likely to be complex. This will make measuring
and risk assessment for that collision a complex task for some systems. It will be very difficult to predict and
prepare collision scenarios for situations where human and robot speeds create a complex situation together.

Although the motion of certain robot systems is programmed and normally predictable, the variety of robot
motions that can occur in different robot setups can vary greatly, so it can be difficult to find criteria and me-
asurement approaches that can take this variation into account. Also, some robot setups are programmed with
a long series of motion paths (e.g., stacking on a pallet) or may need to be reprogrammed frequently at each
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subprocess stage where they can provide temporary support with variable tasks. Collaborative robots, deve-
loped for different movements and tasks, which are expected to increase the range of motion of robots in any
installation, and which can be easily reprogrammed, have started to be used more in small and medium-sized
enterprises. Thus, the draft of the ISO required extensive testing in a variety of systems and conditions to cope
with the diversity of existing and emerging robotic systems.

Biofidel test dummies have been developed, especially for use in the automotive industry, to assess the risk
of injury in these trials and to determine realistic injury criteria. The resulting test dummies are only valid for use
in car crash scenarios because they are adapted to collect measurements of car crashes.

Compared to the automobile industry, developing practical biofidel test dummies and injury criteria for
the collaborative robotics industry may present additional complexity due to the potential diversity of human
and robotic tasks, movements, and effects, because inside any automobile, the test dummy is in the seatbelt and
subsequently at the wheel, Since the airbags on the doors and the front panel are protected, their movement will
be much more restricted compared to the collaborative working environment, so it will be easy to standardize.

Figure 25: Cysts, measurement, analysis, innovation (HSE, 2012)

Various potential failure scenarios of robot and human performance need to be identified and elaborated
on in order to make a practical risk assessment. One of the most difficult aspects of risk assessment for the colla-
borative robots work environment is determining what the failure scenarios might be and how to determine the
probability, extent and consequences of failure during any collision in the human/robot mix.

11. STANDARDS, TECHNICAL SPECIFICATIONS AND LEGISLATION IN
COLLABORATIVE ROBOTS

With the rapid spread of the 4th Industrial Revolution, which first came to the fore in 2011, all over the
world, industrial robots, one of the most prominent representatives of traditional automation, started to leave
their place to collaborative robots. Although they are preferred in facilities where faster, serial and quality pro-
ducts are produced, the definition of collaborative robots as automation workers used in environments where
human work is costly, tiring and even dangerous has made collaborative robots popular everywhere from the
smallest scaled factories to giant production facilities. The fact that collaborative robots are not operated alone,
but become a part of an integrated system, work together with operators in collaborative environments, but
receive commands completely automatically and from the cyber environment, required a more detailed exami-
nation of the optimization of their use, feasibility and safety and security of the collaborative environment in
which they work.

230 OCCUPATIONAL SAFETY APPROACH IN COLLABORATIVE INDUSTRIAL ROBOTS



Currently, there is no specific legislation or standard regarding collaborative robots in our country. Because
robots are produced and brought abroad, international standards are generally used in this regard. However,
since robots are not a machine on their own, they are integrated units into a production line, they are conside-
red as partially completed machines according to the Machinery Safety Regulation. For this reason, a robot is
not considered sufficient to receive the CE mark on its own, but if the line in which the robot is used becomes
a fully integrated production line, it can be entitled to receive the CE mark if it meets the various compliance
values required in the regulations. In addition to these, in order for these robots to be put into use by manufa-
cturers and integrators, they must also meet the requirements of the Occupational Health and Safety Law, the
Regulation on Health and Safety in the Use of Work Equipment and the Risk Assessment Regulation.

Collaborative robots can cause work accidents up to death due to the fact that they are asked to perform
the tasks assigned to them very quickly, and that they work very quickly in some applications during operati-
on, often in cooperation with operators in collaborative environments. Therefore, a detailed risk assessment,
which is also a part of the Machinery Safety Regulation, is required both in the machine design and before the
machine is put into production.

11.1. Machinery Safety Studies:

As with other machines, a risk assessment must be made in order to determine the safety needs of robots.
During this risk assessment, all stages from the design of the robot to the process in which it will be used are
handled one by one, among these stages, all possibilities are discussed, from possible control system failures
to the cleaning of the collaborative working environment from slippery materials, if any. In order to guide
these studies, it starts with EN ISO 12100, a type A standard. Apart from this, the main standards related to
robot safety are;

ENISO 10218-1: Robots and Robotic Devices — Safety Requirements of Industrial Robots - Part 1 Robots,

EN ISO 10218-2: Robots and Robotic Devices — Safety Requirements of Industrial Robots -Part 2: Robot
Systems and Integration, type C standards.

Table 15: Types of Collaborative Operation — According to 10218, ISO/TS 15066 (Matthias, 2017)
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The first of the above standards is the standards used in industrial robots operating on their own, and the se-
cond (EN ISO 10218-2) is the documents used for collaborative environments in which robots are integrated.
Although EN ISO 10218-2 is generally used for collaborative robots, the details are referred to the documents
with ISO/TS 15066 technical specifications.

Table 16: Safety and Human — Robot Collaboration: Relevant Standards + Directives (Matthias, 2017)

-

-2 = “— 1SO/TS15066:2016 -
Type C Standard: ISO 10218-2:2011 — Robot system/cell
(machine ui:t'; sand:ds, 4 Collaborative Robots
product level) 1ISO 10218-1:2011 — Robot
Type B Standards | i
(generic safety standards, SO 11161:2007  Integrated =\ 100 1384912015
By e eyiety aspects, " manufacturing systems IEC 62061:2015
Type A Standards IEC 61508:2010 — 1ISO 12100:2010 —
(basic safety standards) Functional Safety Risk Assessment
Laws + Directives Example EU:

European Machinery Directive 2006/42/EC

11.2. Safety Rules in Collaborative Robot Systems:
In EN ISO 10218-2 standard, as in every C type standard, associations are made with B class standards as
well;

Type A standards are basic safety standards that cover basic concepts, design principles and general issu-
es that can be applied to all machines,

Type B standards are general safety standards covering safety aspects or one type of protection that can
be used in a wide range of machinery. However, standard B has two types, Type B1 standards for certain
safety aspects and Type B2 standards for protections,

Type C standards are machinery safety standards that address detailed safety requirements for a particu-
lar machine or group of machinery,

The requirements from the standards can be grouped under 3 main headings;
Requirements Regarding the Safety Components of the Robot System and the Control System:

In robot systems, and especially in collaborative robots, some of the dangers arising from the control

system or incorrectly selected safety equipment are quite insidious, so in order to prevent or eliminate the
hazards in these systems, the following requirements regarding the safety of the system must be determined
at an optimal level.
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Figure 26: ISO 13849-1 standard required performance level (Matthias, 2017)
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ISO 13849-1 Standard: Required Performance Level (PLr)

As stated in the EN ISO 13849-1 Standard, the Performance Level (PL/Performance Level), where a
represents the lowest and e the highest risk values, must be determined at optimal values for machines
defined in this group. It is recommended in EN ISO 10218-2 that control systems in Collaborative Robots
should meet the d value of the PL level. EN ISO 10218-2 recommends that the system meet the PL/d and
Category 3 requirements. Some of the factors affecting the values of the performance level are the ability
to diagnose faults, the probability of failure of the components in the system and their connections with
each other. These factors may vary according to the process and its complexity, but the assessment should
be made with the aim of the highest reliability relative to the hazard gamut of the process.

According to the situation of the workplace, the right resolution light curtains should be selected and posi-
tioned as recommended in the EN ISO 13855 Standard. Positioning is done by ESPE measurement, which
determines the robot’s stopping time and how much it moves during this time.

However, after these measurements, light curtains can be placed to ensure the safety of the collaborative
environment. It is not possible to expect the safety and confidence expected by the system from the light
curtains placed without ESPE measurement. In this case, it is very likely that the light curtains will be
positioned in the wrong places, and the operators who do not know this and are sure of the positions of the
light curtains will cause unpredictable work accidents and will face unexpected dangers.

ESPE measurements should be made for collaborative field scanners supervised by three-dimensional
safety camera systems, as well as for light curtains,

Muting (temporary deactivation) and blanking (the auxiliary function of safety light curtains, which allow
inserting an opaque material into parts of the collaborative area protected by the light curtain without cau-
sing the machine to stop), should be precisely set up in the design and after assembly of the light curtains.
It should be ensured that the system in the collaborative environment where the operator is located has the
ability to distinguish the human limb from the materials entering and leaving this area.

Care should be taken to ensure that any sensor or camera to be selected for monitoring and monitoring
the collaborative environment is suitable for what will be done in this area. For example, in cases such
as sparks or flame creep in the work done in this area, the selection of optical monitoring and protection
components should be done carefully.

Mechanical reed switches should not be used on monitoring doors, as they cannot provide PL d on their
own.

Although control systems are selected according to the nature of what is done in the collaborative field,
it is useful to examine the differences in business cultures in detail, even if they are doing the same job
during this selection. In some businesses, monitoring doors are monitored by a second actuator or equal/
full coded monitoring systems, while in a different business, even if the process is the same, monitoring is
carried out with area scanners, three-dimensional safety cameras or safety mats.

In the learning process of robots, commands must be made only with hand controls activated for that job,
and during learning, robots should receive the command from a single control. Even for testing during
training, the speed of the robot should never exceed 250 mm/s. In case of an emergency, besides the active
hand control, even the emergency stop buttons should be ready

11.3. Safety Requirements Regarding Robot Hardware and Environment:

We can list the minimum safety requirements that the robot hardware should have as follows;

The main body connections to which the robot arms are connected must have the strength values required
by the process,

As it is known, the commands given to the robot are carried out by electrical, vacuum, hydraulic or pneu-
matic means. During design, the use values of each of these should not be chosen too close to the limits.
During the stop of the robot arm, the state of the operator getting under the loaded robot arm should be
monitored.
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» If'the operator’s entry into the collaborative work area during the process is part of the process, care must
be taken to define this entry with different codes than violation entries.

» Selection of drive shafts and transfer units that enable the robot to move in various axes according to the
process should be done according to ISO 14120 recommendations.

» Care must be taken to ensure that all electrical units and components selected in the system comply with
the IEC 60204-1 recommendations in order to prevent undesirable negative situations that may arise while
the robot is operating, such as grounding, stored energy, cables or panels,

» The closures that will be activated for any violation or technical reason while the robot is operating must
comply with the EN ISO 14120 Standard.

11.4. Other Precautions to Be Taken Regarding the System in Which the Robot is Integrated:

Since there is not a single application related to the work of robots, the process should be examined in
detail while performing risk assessment, and the assessment should be completed by taking into account the
possible negativities that may come from the working environment. For this reason, we can state some additi-
onal recommendations of the standards related to Machinery Safety as follows;

* ENISO 14118 standards state that there should be a tagging and locking procedure adopted by the opera-
ting staff on the robot and the system it is in. For this, the energy points and diagrams of the robot and the
system it is in should be examined one by one, and the way the system should follow until it comes to a safe
stopping point in terms of energy values should be specified in these procedures.

* One of the most common causes of occupational accidents when robots work alone or in collaborative
environments is the short- term entry of the operator or one of the maintenance team into the collaborative
area, although not defined in the process, and the safety door being closed behind the employee. The simp-
lest solution to prevent this is to control the safety door with a padlock. However, this solution may not be
practical in every application, it would be more appropriate to use area scanners, safety mats or three-di-
mensional security cameras, especially in work cells where the robot is required to work together with the
operator or where the input and output are required to be more frequent due to the process.

* Despite all the technical precautions taken in the system, light warning signs recommended by EN ISO
7010, if necessary, must be hung in necessary places so that they can be easily seen by the employees,

* Even if all kinds of warning signs are hung in the working environment and all necessary technological
precautions are taken, it is necessary for all personnel who may enter the cooperative environment to wear
their protective equipment or vests that signal the robot,

* Even if new changes or improvements are not made in the environment where the robot or robots work,
those who are likely to enter this environment should be trained periodically and be reminded of what to
pay attention to in collaborative areas.

12. SYSTEM SECURITY AND RISK ASSESSMENT AND APPROACHES
12.1. Systemic Approach for the Definition of a Safer Human- Robot Interaction

Smart factories must accelerate their processes to face new manufacturing challenges and cope with new
production trends by establishing an extremely high degree of flexibility to reduce production costs and time.
This kind of issues can be addressed by the cooperation between humans and robots in a mixed human-robot
working environment. Robots have the compelling advantage of spatial precision and repeatability, as well as
the ability to apply defined forces. On the other hand, humans are especially skilled at complex manipulations
and adapting to changing task requirements. In this complicate scenario of co-shared workplace and conti-
nuous human-robot interaction, safety strategies are a key requirement to avoid possible injuries to humans
or fatal accidents. This chapter proposes a systemic approach to respond to these requirements. The approa-
ch merges and manages multiple sensing sources, redundant transmission protocols and software decision
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mechanisms, aiming to guarantee a continuous and reconfigurable co-share scenario that enables an opera-
tive interaction between human workers and robots in a controlled and safe environment. Furthermore, new
technological solutions and innovative methodologies are presented for the definition of a safer workplace in
human-robot interaction scenarios.

e Scientific and Industrial Motivations:

The need to face the production of complex families of product, with short life cycles, often characterized
by strongly variable production patterns, requires factories to be able to quickly evolve and reconfigure. These
reconfigurable factories must exhibit strong modularity and adaptability to exogenous and endogenous events.
In accordance with production dynamics, the design of workplaces within factories must take into account
the current social and demographic trends (e.g., increase in average life expectancy and increase in retirement
age). Paying attention to issues such as safety, education and ergonomics can also be an important element in
increasing the productivity and profitability of the factory.

Traditionally, factory design has clearly distinguished between the roles and areas of expertise of human
operators and automated and/or robotized production cells. Unfortunately, this operative model is nowadays
obsolete since it cannot react and quickly adapt to the incoming opportunities arising from the global market.
In this new scenario, it is crucial to provide innovative paradigms that ensure an efficient and safe work envi-
ronment, as well as comfortable and stimulating for human workers. The new factories that make cooperation
between humans and automated devices will be able to cope with difficult production scenarios characterized
by products with short life cycles and high variability, thus requiring a fast adaptation of production capacity
and the development of new knowledge.

The research presented in this chapter will specifically address the topic of designing and implementing
human worker and robot cooperating systems. In particular, design methodologies, technologies and devices
will be explored to guarantee a safe and fruitful human-robot interaction. To this aim, it is necessary to address
themes related to the study of man-machine interactions, and hence the modelling of work areas and their per-
ception by robots using advanced sensing systems, thus creating safe hybrid work environments. Indeed, the
achievement of a strong interaction between a robot and a human worker, in a completely safe environment,
relies on the development of a suitable framework including sensing technology, system architecture and
proper cognitive models. A sensor network must provide a sufficient amount of information to the robot about
the surroundings and these data must be reliably transmitted and interpreted by the machine to adopt the right
behaviors. Moreover, the suitable sensing technology must be shared and it has to be portable, light and easy
to wear so that the worker can comfortably operate in the workplace.

In a seamless assembly / disassembly scenario approach, which is carried out by evaluating different works
during different working processes, especially in disassembly processes, in fact, many diverse tasks must be
executed according to local workflow, adapting the control settings for general and local motion/interaction
planning with a high grade of versatility.

In a complex structure created by combining the abilities of operators and robots, the safe behavior of ro-
bots requires a dynamic modification while operators enter and leave the process area due to their duties while
performing various tasks assigned to them. This avoids the possibility of injury or unexpected erratic robot
behavior.

This contextual analysis represents a significant working environment since it joins a high level of adap-
tability and variability of processes, parts, manufacturing conditions, specific mechanical parameters and,
more critically, unique human-robot association modes and assignments in assisted/cooperative mechanized
manufacture.

The proposed innovative approach will face also the development of algorithms and cognitive systems
for the perception and representation of spacetime environment of the factory and for the implementation of
automatic processes of decision and action.

e Current Technology:

The first layer to build a systemic approach for the definition of a safer human machine environment relies
on the possibility to maximize and diversify the different sensor sources deployed both on the robot and on
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the worker with the intent of providing continuous feedback related to the position of the worker and his tasks.
However, the presence of various materials such as conductive, insulating or magnetic in a specific workplace
and the consequent issue related to anomalous absorbance in the electromagnetic spectrum still represents a
critical aspect in the creation of areliable set of data for the robot. In the years, many different sensing solutions
have been proposed to overcome these issues and most of them rely on the use of multiples cameras and mic-
rophones. Unfortunately, these technologies are limited by the line of sight of the associated camera or produce
signals that are difficult to interpret for the robot. A further possible solution considers the specific operation
distance between the worker and the robot (short and long- range). In case of long-range sensing technology,
radio-frequency identification technology (RFID/Radio-Frequency Identification Technology) has recently re-
ceived a great attention due to manufacturing costs, power consumption, sensors wearability, response time,
etc. Indeed, the tags embedded in worker smart garments (gloves, suite, etc.) can provide a reliable information
of a tracked movement, without hindering the worker operation. Robots can use the signals coming from the
RFID sensing technology to properly interpret the movements of the human worker and to consequently adapt
their behavior. However, also in RFID technology, different problems can arise from the signal detection at
particular angle and from the specific distance between the tag and the reader involved in the localization pro-
cess and the signal can be misinterpreted by the robot. To properly manage and transmit the data produced by
all the sensing networks, a robust wireless infrastructure needs to be adopted. In this case, the identification/
recognition system identifies the operator presence and position in the robot area, using the combination of
safe wireless channels and of unsafe low power wireless communication protocols (like the Ultra-low power
Bluetooth end Zigbee). This process works both acquiring presence of communication link between the access
points in the robot area and the units directly in the operator body, and applying an algorithm featuring the
geo-referenced position of the operator based on the signal reception power from the operator unit. A deep
analysis on communication physical characteristics, power consumption, power management, easiness of re-
ception power recognition systems, transceiver integration, availability and robustness in respect to industrial
environment, must be taken into account to provide reliable data between the robot and the human workers.

Flexible/reconfigurable production, specifically when manual tasks can be assisted by robots, is remar-
kably supported by collaborative robotic methodologies that can guarantee a safe behavior in unstructured
dynamic environments. Lightweight solutions specifically designed for physical Human-Robot Interaction
(PHRI/ Physical Human Robot Interactions) can be employed for these tasks. Since years, both academic and
manufacturing settlements have given careful consideration to broadening the coordinated effort space amon-
gst robots and workers in industrial robotics as well. Industrial robots, from small to large size manipulators
(e.g., anthropomorphic, Cartesian, parallel, etc.) still do not extensively display native safety features, either
by design or by control (Fig. 22). Nevertheless, such platforms are required to be integrated in safe setups at
both machine and plant level.
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Figure 27: Map of hardware features or design strategies that are used for embedding safety in robot systems (Pecora et al., 2019a)
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Normally most recent standards define human-robot cooperation modes and happen to apply on top of the
consolidated standardization initiatives in machinery and robotics that encapsulate the concept of functional
safety altogether. Safety is obviously an integrated concept, whose procedural logical and technological aspects
are spread among hardware, algorithms and networks. Safety options of devices are in all probability among
the foremost self-addressed by technology suppliers due to a consolidated regulation and restricted needs in
terms of integration may hinder the safety certification grade.
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Figure 28: Dependability chart (Pecora et al., 2019a)

The notion of interaction in robotics can span different spatial conditions, from distant functional inter-acti-
on to close contact. Non-contact interaction is involved in the task cooperation and scenarios where the same
workspace is concurrently visited. Contact interaction can occur either by planning or by accident.

Primarily involved in most of the low-power tasks, like manipulation, handling, assembly, etc. where
compliant controls represent a prominent class of settings. The latter has been considered as the major issue to
be discussed and formalized in relationship with the normative requirements of safety, the very wide family of
collision avoidance algorithms, etc.

At all interaction levels the cooperating robots should be transparent, i.e., they should resemble a naturally
interacting companion, removing all cumbersome configurations or access modes, uneven motions or patterns,
etc. This behavior can be formulated through the concept of dependability that is considered as the property
of displaying easiness, confidence and reliance to the user when performing interaction tasks. Under such
conventionally abstract notion, dependability wraps a set of clearly defined child properties (Figure 23) that
altogether have a great impact over the robot control and resulting behavior.

User confidence, as a matter of fact, stands on:

 usability, which can measure the feeling, comfort and easiness of learning and/or setting up the robot mo-
tion,

» reliability, which mainly addresses the continuity of service rarely throwing unexpected exceptions or ra-
rely presenting failures,

 availability, which gives account of readiness of such service,

* maintainability and integrity, which are the ability to recover from system alteration and the absence of
improper alterations, respectively,

+ safety, which has been extendedly discussed before.

*  Most of the reliability sub-features can be fulfilled as a whole system-level trade-off.
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12.2. Risk Assessment Process for Collaborative Assembly and A Job Safety Analysis Approach

The safety of the defined area where the operators and robots cooperate during the task is extremely im-
portant in order to be able to perform the tasks assigned to them together. There are three important factors for
this area to be safe and to show a high performance in terms of working efficiency.

» The ability to adapt to market fluctuations,
* Improve productivity,
* Improve ergonomic work environment and reducing the risk of work accidents.

In collaborative work environments, operator safety is a major concern, as a serious injury may result if the
robot crashes into the operator due to an incorrect movement for any reason.

According to the International safety standard, risk assessment is the first step in understanding and elimi-
nating hazardous work environment. For non- collaborative robotic cells, risk assessment was carried out with
the understanding that robots and operators do not interact. That is, a robots can only be operated in the auto-
matic mode within a designated workspace and intrusion should result in a monitored stop of the robot. Phy-
sical barriers such as safety fences were used to ensure operator safety by avoiding the possibility for collision.

One of the most important aims of the collaborative robotic assembly system seeks is to remove these
barriers to enable closer interactions between operators and robots, Therefore, risk assessment should
consider both operators and robots as valid participants to ensure safety of operators and productivity of the
assembly station. With a focus on operator safety, international safety standards define the use of collaborative
task only within a predefined work area called the collaborative workspace. To ensure safety and enable task
sharing, safety standards require that the assembly cell is continuously monitored during execution of the task.
Therefore, the motion of the robot and the operator within the assembly cell must be monitored using safety
sensors. such as vision system, safety mats, proximity sensors, etc. Before safety devices are selected and
installed, a systematic risk assessment will ensure that appropriate devices and procedures are implemented.

Since collisions are an important cause of injury and damage, during the risk assessment, the work done
by the robot and the operator in the collaborative area is handled within the framework of a methodology, sub-
tasks are determined, and the emerging risks and solutions for them are determined. (Figure 24)
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Figure 29: Illustration of the interaction between the three participants of a collaborative

assembly cell within their corresponding workspaces. (Gopinath and Johansen, 2016)

238 OCCUPATIONAL SAFETY APPROACH IN COLLABORATIVE INDUSTRIAL ROBOTS



Various methods are available for risk analysis in collaborative robot systems. Two of the most preferred
among these analyzes are FTA (Fault Tree Analysis) and FMEA (Failure Mode and Effect Analysis). Some or-
ganizations indicate that Occupational Safety Analysis may be more appropriate to conduct risk assessment in
application areas where operator duties must be considered. In order to be able to evaluate accidents that may
result from errors caused by robots, quantitative Fault Tree Analysis needs information about possible causes
for these errors. The qualitative Failure Mode and Effect analysis (FMEA) is used to understand and document
all possible failures (and its effects) so that corrective actions can be suggested to mitigate the sources of fa-
ilure. FMEA uses a tabular form to document each failure mode and its effect along with the probability of
failure and possible solution.

Collaborative Assembly Cell:

In a designated area, a collaborative assembly cell will be characterized in terms of the tasks that will be
performed, the participants that are responsible for the tasks and the workspace to complete the task. The main
purpose of describing an assembly cell in terms of tasks and participants is to map the interactions between
them.

*  Workspace in a Collaborative Cell: International standards define three working areas in this cell:

» Robot Workspace: Within the robot workspace, an industrial robot can be programmed to move in auto-
matic mode at rated speed and must stop if the there is an intrusion. Traditionally, the robot workspace is
closed off from external interaction using physical fences or safeguards.

» Operator Workspace: The area assigned to the operator to do his task can be termed as operator works-
pace and can be monitored for safety with corresponding reduction of speed if the operator goes near the
robot and complete stop if the operator is close to the robot to warrant a complete stop.

» Collaborative Workspace: This area is the area where the robot and the operator work together. The
collaborative workspace allows the robot and the operator to work together, which means that the robot
and operator share a common workspace. Although the robot can be moved in automatic mode within the
co-working area, the robot’s speed is limited. Since the robot/human combination is envisaged in this area,
they need to know that in this joint work, both have common tasks defined in the work to be done.

In a collaborative assembly cell, there are three distinct participants;

e Industrial Robotic System: Industrial robotic system as recognized by the safety standards include the
manipulator, end-effector and external sensor system that are designed to work cohesively. These separate
parts must conform to the corresponding safety requirements and must be designed to work safely with
operators during the collaborative mode.

e Operator: An operator is the trained personnel expected to share the robotic cell but can also include other
personnel present in the vicinity. They are also expected to be take responsibility of an assembly cell and
shut down the assembly system in case of emergency.

*  Working Environment: The working environment should also meet the standards for robotic safety as
external interferences can lead to injury or production delay. The working environment includes equip-
ment located near to the assembly cell that can interfere with the intended functionality of the robotic cell.

Job Safety Analysis for Collaborative Assembly Cell (JSA):

Risk analysis can be used to drive the design of the robotic system that is safe for the operator and ensure
a productive assembly cell. Therefore, it has to be understood as an iterative process which begins when the
basic functionality of the assembly cell is established i.e., cell layout to carry out the assembly task is defined.

The proposed work process that emphasis the interactions between the participants (robot/s and operator/s)
and their tasks can be described as follows;

1. The assembly function of the production cell can be reformulated into discrete and sequential subtasks.
The subtasks are allocated to the participants who will perform them within an allocated workspace. That
is, the first step is to divide the assembly task into subtasks and establish participants and workspaces for
each subtask.
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2. (JAS) Job Safety Analysis require that the subtasks are critically analyzed for hazards. In the second step,
the objective is to analyze the subtasks allocated to each of the participant. To estimate all possible hazards,
each subtask associated with a participant can be critically analyzed by focusing the analysis on the inte-
raction of the participant with the other set of participants. For example, if T1 is a subtask to be performed
by an operator, the analysis should capture the interaction of T1 has on the robot as well as the Working
Environment.

3. In this step, the causal factor for each of the hazard can be documented along with the effect of the risk.
Information on the causal risk along with the effects can be used to suggest solutions to mitigate the risks.
Probable solutions can be in form of assembly cell monitoring solutions, safety by design, guidelines from
safety standards etc., which can then be used to specify design requirements for the robotic syste

12.3. A Methodology to develop collaborative robotic cyber physical systems for production
environments

As it is known, the main feature in Industry 4.0 is to meet the customer’s real-time variable demand for
products in very small lots. This will allow the robot to meet many demands of the customer in the production
or assembly line where it will work, without wasting time for installation, adjustment and reconfiguration of
the line. The intelligent manufacturing implementation may take place though the concept of internet of things
(IoT), in which each participating component has a specific IP address. Due to the availability of big data in
[oT, the manufacturing system characteristics can be predicted precisely like predictive maintenance, robust-
ness in product design and adaptive logistics.

For a smart robotic factory to work in the context of Industry 4.0, high productivity and flexibility is the
demand of the future.

To cope with this issue, robots may take most of the workshare in future manufacturing, yet the human
worker has to stay in the work area either in supervision role or for the jobs for which the robots cannot be tra-
ined. The constant human presence in or near the work area of intelligent robot leads to a shift regarding safety.
The conventional approach is to expose human workers up to a limited extent to the robot and with appropriate
safety control that leads to full stoppage of a machine in case of worker violation of the robot workspace. This
causes interruptions and resetting procedures to be activated which reduces productivity. The futuristic appro-
ach is to implement robotic applications where robot and human workers can coexist and collaborate safely.
In this setting, the robots share the same workspace with human counterparts and perform activities like raw
material handling, assembly and industrial goods transfer.

This situation is very attractive for today’s manufacturers, due to its advantages such as cost, quality and
reduction in work accidents, more than one million industrial robots working in various industrial branches
are rapidly leaving their tasks to collaborative robots. B It seems very difficult for all these robots to turn into a
collaborative system in the near future, as it will bring huge financial burdens.

The most popular approach to converting traditional industrial robots to collaborative robots today is to
make the collaborative workspace smarter by placing sensors in the areas where robots and operators work
together and monitoring the movements of collaborative operators. With this method, many industrial robots
will be able to work with operators as collaborative robots. Thus, many manufacturers will find the oppor-
tunity to use their industrial robots in safer collaborative environments with more reasonable expenditures
without making large investments.

To establish such a collaborative environment, a cyber physical system (CPS/Cyber Physical System)
needs to be established which takes care of all the necessary requirements of communication, safety, security,
sensors and electronics.

In this way, it will be possible to safely assemble, transport, package and similar processes in collaborative
environments, even for parts weighing 15 kg, which may cause problems in terms of occupational safety. A
virtual part, resembling the real scenario between the operator and the collaborative robot, is used to calculate
the distance between the robot and the operator. Based on real-time distance calculation, by an external modu-
le, the robot controller is systematically tasked with reducing the speed.
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State of the art in collaborative robot technology:

The state-of-the-art development in collaborative robotics has roots in the technologies arriving from the
humanoid robotics, artificial intelligence and exoskeletons, which were developed over the last two decades.
The basic objective of such robotic humanoids is to work in household and medical applications to attend the
needs of disabled and old people. Industrial collaborative applications are based on the fact that robots work
safely with humans in an industrial environment, instead of working on their own. So far, the collaborative
robotics is developing fast in industry and it is estimated that the collaborative robotics sector will grow to
USS$1 billion by 2020. This growth is driven by small to medium manufacturing, electronic manufacturing and
allied services provider companies. For industries looking for such agile manufacturing technologies, robot
manufacturers develop collaborative robot designs which are suited for small- to medium-size product handling
and other operations.

In Figure 29, there are skilled robots that can move at different angles.

In most of the cases, the tool end-effector repeatability shows the capabilities of modern collaborative
robots to handle intricate tasks. All of these robots can work and collide gently with humans on the factory
floor as the joints are developed with internal force sensors. The arms and heads are equipped with high-re-
solution cameras, even 3D cameras to ensure a secure traceability. In some cases, visual markers are used for
fast recognition and tracking, on every tool which are needed to the robot to complete the job. All the robots
have programmable compliance, such that they can be trained for the new job. The payloads of these robots
are commonly between 0.5 and 14 kg. Immediate detection of collision and reduction of the speed of the ro-
bot arm in case of violation of the working area are the technology features commonly used in collaborative
robots.
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Figure 29: Active collision avoidance. (Gopinath and Johansen, 2016)

When we examine it in general, it can be easily seen that mostly collaborative robots are preferred instead
of traditional industrial robots in the industry and service sector. In addition, we can see that collaborative
robots are very popular in these latest developments in human-robot cooperation (HRC) in small to medi-
um-sized payload handling processes, especially in applications where occupational health and safety is at
the forefront. We can also characterize these applications as a preliminary preparation for the assembly or
packaging of heavier parts in collaborative environments in the coming years. It is stated that some robot ma-
nufacturers will be able to put into use collaborative robots with a payload of 35 kg in early 2021 according to
ISO 10218-1:2011 and performance level (PL) (d) safety rules (FANUC).

At this stage, manufacturers need to pay close attention to two issues, the first is to define cooperation plans
and to establish a formal rating system; The second is to define a Cyber Physical System (CPS/Cyber Physical
System) for human-robot collaboration in industrial scenarios and to develop a methodology that can reach the
most appropriate solutions up to the sensor level in a defined industrial scenario. With the CPS method, it will
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be possible to switch from traditional robots to collaborative robots and to take part in the process of heavier
workpieces with collaborative robots.

Thus, more detailed considerations for an external environment equipped for collaborative robots can be
derived from the predefined safe CPS according to the desired scenario requirement and level of cooperation.
The approach to this is initiated by examining the implemented robot safety schemes and then developing
effective collaboration schemes. When the collaboration schemes are listed, some key indicators are presen-
ted for the formal classification of industrial collaboration scenarios with a few selected sensor examples. A
collaboration sample assumption should be prepared to define the sensor level requirements for a particular
industrial scenario.

CPS in Human Robot Collaboration:

The proposed approach is to exhibit safe intermediate HRC without passive safety mechanisms such as
fences. In order to realize this, extra safety and protection measures need to be implemented for a collaborative
robotic CPS (CRCPS). These safety and security (protection) requirements are based on the level of interacti-
on between humans and robots on the shop floor to increase productivity. Security is moreover closely related
to safety as both these system level properties have to be considered concurrently. In fact, the approach in the
design of CRCPS is to merge the safety and security concerns just like designing industrial facility, control and
risk assessment that consider both aspects.

CPS is an intelligent system in which numerical and physical systems are integrated to control and detect
the changing state of real variables.

The success of such CPS relies on the sensor network and communication technologies that are reliable,
safe and secure. In CPS, all the functional components are in modules and interconnected (wirelessly) in the
production line or in the smart factory. Even raw materials and machines are connected to the network coo-
perating with human workers through human—machine interaction (HMI) systems. In particular, the CPS for
manufacturing and production may consist of electronics, computing, communications, sensing, actuation or
robot, embedded systems and sensor networks. The CPS in manufacturing needs other resources like flexibi-
lity of the manufacturing system, the manufacturing scenario and the adaptability of changing assembly tasks,
in addition to HMI technologies and other typical CPS modules. For the application in HRC, the deployment
of a full-scale CPS accounts for the human worker as an inherent part of the system and requires calculations
accordingly.

*  HC/human component,
* PC/physical component,
» CC/computational component represents the three main integrated entities.

The quality of interaction between these three components depends on the security levels of the enabling
technologies. HC is well connected with different adaptation technologies, for example Accurate human posi-
tion tracking technology is the basic adapter in CRCPS.

CRCPS is a highly automated system as it eliminates the boundaries between composite elements and
favors operational interactions.

There are various HMI (Human Machine Interface) technologies based on human senses of vision, acous-
tics and haptics. The proposed CRCPS can utilize vision system for detection, tracking and gesture recognition
of human workers. The robots can also be commanded using acoustic signals from humans (e.g., voice cont-
rol). Additionally, a variety of sensors and actuators can provide the interaction between HC (Human Compo-
nent), CC (Cyber Component) and PC (Physical Component). There are standard interactions shown between
the components which have to contribute with a role. Adaptor technologies are scenario dependent and can be
seen as plug and play devices. There are other optional scenario-dependent interactions between the standard
components and adaptors in CRCPS.
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The CRCPS is an extension of the CPS and for that reason must show compliance to the system level
properties of a CPS. For this, CRCPS must exhibit properties like integrality, sociability, locality and ir-
reversibility.

Moreover, it must be adaptive, autonomous and highly automated. Integrality for CRCPS means that its
functional components are well integrated to perform self-organizing tasks like learning and adaptation. As
an example, if the two CRCPS are functioning in a close physical distance, then the worker belonging to a
CRCPS must be able to interact safely with the robot that belongs to the other CRCPS. Locality introduces the
computational, human and physical capabilities of a CPS, as bounded by spatial properties of the environment.
Irreversibility of the CPS makes it self-referential in timescale and state-space. The adaptive characteristic
makes the system self-organized and evolving. The autonomy refers to the roles of functional components and
the CPS itself as capable to make independent decisions.

Collaboration Classification:

For CRCPS industrial environment, a smooth overlapping of workspace zones of robots and humans is
considered in which both can interact. The formal grading of the human— robot collaboration involves the
level of interaction between the two entities. The level of interaction can be formalized based on the distance
between the two entities; workspace share level and the complexity of collaborative tasks which both are per-
forming mutually.

There are also fatalities reported where usage of robots is intensive despite putting all the safety and prote-
ction protocols. For example, in Germany between 2005 and 2012 3 and 15 workers per year lost their lives
because of it, however none of these accidents occurred in collaborative environment. There is also an issue
of mental strain on humans in addition to the physical interaction of robot and human. In the researches, even
the restriction of the entrance to the work area and the speed of the robot was sufficient to relieve the mental
pressures on the operator. In addition, knowing the details of robot movements in advance reduced the pressure
on the operator. In order to reduce the HRC risk level, the level of cooperation must be well and the payloads
must be classified in a realistic way.

Safety schemes based on position prediction and building intelligent environment around robots are sum-
marized. The intelligent environment means to equip the robot environment with appropriate monitoring sen-
sors to make it aware of situation, human, safety zone and distance. However, the four basic principles of
safety protection for collaborative work with robots need to be explored in detail.

A common approach using small size robots is to provide guidance manually or reduce the robot speed
as per requirement. This manual approach is open loop, without sensing, has high HRC level, is restricted
to small size robots and depends on the defined risk assessment. The basic safety approach can be termed as
‘complete isolation’. In this approach, a specified work zone is covered with sensors like laser scanner or proxi-
mity sensor. In this case, the robots must stop at the human access to the work area. These systems are sensor
dependent, closed loop and have almost no HRC level attainment.

b

Collaboration classifications: a robot on safe hold against human violation, b speed reduction if the

worker is in the robot work zone, ¢ robot touching the human with a pre-defined calibrated force

Figure 30: Collaboration Classification (Khalid at al., 2016b)
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The third approach is to monitor the system visually or with speed- monitoring sensors. In this case, when
the worker enters the danger zone, the speed is slowed down and the robot is stopped if necessary. For this
safety concept HRC, this technique uses a multi-integrated and fusion-capable sensor to realize fast and secure
simultaneous monitoring. With this technique, it is possible to achieve a high level of HRC, but it creates diffi-
culties in risk assessment in the event of a possible failure of the monitoring function. In line with the principles
of dynamic monitoring, algorithms used to detect possible erroneous movements of operators working in a
collaborative environment should be integrated with speed and separation modules.

In the collaborative area, the area where the operator can be found has been determined, his movements
are constantly controlled, the robot is forced to stay in this area actively as it has been taught, and the robot is
ensured that the determined force values are not produced by force sensors. This system will also work with
the help of a vision field which will guide the robot in case of a human presence. The robot speed and accelera-
tion reduction will take place according to the level of force allowed to hit a specific part of the worker’s body.
Because of this, monitoring systems require the integration of force sensors in addition to sensor technology.
Thus, the highest HRC gain is achieved, but some difficulties may arise in the risk assessment in case of fai-
lure of any monitoring function. There are four equally weighted key performance indicators (KPIs) selected
to contribute in the overall HRC grading scheme. These indices are PL, safety distance (SD), risk (R) and
the reaction time (RT). PL is taken as the ‘mean time to dangerous failure’ (MTTFd) and defined in the EN
ISO 13849- 1 based on the average number of cycles per year until 10% of the components have a dangerous
failure.

Equation 1:

MTTF, = %E(x)
forx = min{P(failure of part - cycle/year) = 1}

(1)

E is the mean time until 10% of the components have a dangerous failure or the component operating time
is restricted to E. The units of this indicator are expressed in years, e.g., the MTTFd range for electromechani-
cal components is 100-200 years. This means that the component needs replacement after 10% of the MTTFd
value. A period of 20 years as a component replacement time is set as a goal according to the standard and can
be taken as the maximum value for this indicator.
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Figure 31: HRC grading scheme (Khalid at al.,2016a)
*There is 4 KPIs on the left and grading calculation is on the right side

The second indicator is the SD calculated between human (Operator) and a working robot. The SD formula
for a human working with an industrial robot is given in EN ISO 13855.
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Equation2: SD=(K-T)+C (2)

SD computes the minimum SD from the risk zone. K is the speed of the man approaching to collision with
the robot (mm/s). T is the robot’s follow- up time in (s) to stop completely, once the brakes are applied. C is the
additional distance (mm) for safety compliance that depends on the sensor’s capability or resolution. In case
of multiple sensors used in a system, the sensor with lowest resolution can decide the resolution of the overall
system if any sensor fusion technique is not used. Calculations with various sensors show that SD = 0.5 m is
not possible even with very fast sensors. Yet, no human robot collaboration can be implemented if SD is larger
than approximately 2 m. The 3rd indicator is calculated based on the manufacturer specifications according to
the number of unsafe components used and is termed as risk (R).

Equation 3: R=—— (3)

The ratio of the number of unsafe components (U/ Unsafe components) divided by the total number of
components is referred as risk (Equation 3), where S (Safe components) is the number of safe components
used in the system. According to the PL range specified above, i.e., electromechanical component below 100
years MTTF(, is considered unsafe. Additionally, each sensor product itself may be specified based on the
number count of safe and unsafe components used.

In a CRCPS perspective, all the used sensor components and equipment can be marked safe or unsafe.
The minimum risk can be specified when all the components used are safe. The maximum risk can be checked
according to a benchmark or left on the designer’s disposal or risk assessment based on the ISO 12100:2010.

The fourth index that measures the effectiveness in collaboration is through the data delay rate (Di) of the
sensors (see Equation 4).

The diversity of sensors used in a designed CRCPS may have an asynchronous data transmission rate. Data
delay rates (ms/ delay rates) are important as the delay time from every sensor counts on the overall system’s
RT to respond in a case where any sensor fusion technique is not used. Thus, the overall delay time of the sys-
tem is the key indicator, enabling the robot to initiate the safety protocol in time to avoid any hazard. Larger
delay time can affect the robot’s RT adversely and hence reduce the effective HRC attainment.

The other variable is the number of sensors (N) installed in a CPS system. In the case, the system consists
of a number of heterogeneous sensors, this variable represents the number count of slowest sensors. Here, k is
a constant. It is zero for a completely isolated systems and one for all other monitored systems.

”

Equation 4: RT = k(D; - N) (4)

After looking at different collaboration techniques and the performance indicators, we now formalize the
collaboration grading scheme. Figure 3 shows the grading pattern of HRC from low to high. On the right side
in Fig. 3, the HRC grades are specified, where al shows the highest level of HRC attainment and d2 the lowest.

All of the above-mentioned indicators are converted to the corresponding indices on the scale of 0—1 (divi-
de by the best KPI value).

Equation 5: I =

(5)
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In case of SDI and RTI, inverse scale is used as the best values are the smallest, 0.5 m for SD calculation is
very difficult to achieve. On the right side in Fig. 3, the collaboration grading is specified based on the sum of all
the four indices with equal weights, resulting in a maximum score of 4. Here, ‘a’, ‘b’, ‘¢’ and ‘d’ correspond
to a scale of 3—4, 2-3, 1-2 and 0-1, respectively. This way, the collaboration attainment is divided into four
large categories, where each category is comprised of two subcategories.
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Figure 32: HRC in CRCPS design (Khalid at al., 2016b)

As seen in Figure 28, sensors positioned on both the robot and the operator monitor the safe distance limits
for how close the operator should get.

Speed or deceleration phases can be initiated abruptly upon identification of a hazardous situation in the
collaborative environment, causing the robot to come to a complete stop until the worker leaves the safe dis-
tance limit in the work area. After the danger has passed, the robot will resume its work from where it left
off. Apart from that, an interaction mode can also be added to the system where hands or employee voice can
be used to train the robot. For this, it will be necessary to train the robot in an interactive environment using
different hand movements. For the force monitoring system, the force reduction approach is applied abruptly
when the SD limit is reached. Force sensors can give additional responses if the robot touches the operator.
However, in order to design such systems, it is necessary to calibrate the force values that they can be exposed
to for different body organs. The joints of the new collaborative robots are equipped with force sensors, torque
sensors and load cells used to convert a force into an electrical signal. Conventional robots without force sen-
sors at their joints cannot be used in a force reduction and tracking approach. Collaborative robots are capable
of detecting this collision and slowing/stopping the operation after colliding with the operator. Force calibrati-
on of these robots to impact forces below any threshold of human pain level is required. Related to this, there are
biomechanical test results regarding these contact forces that can aid evaluations and design.

In such a CRCPS, multiple sensors integration and computational intelligence schemes like hu-
man tracking, human avoidance and intelligent use of multiple sensory data can be implemen-
ted. Due to the resource exhaustive nature, the real time and software issues arise in the embedded
systems distributed intelligence. The integration between the cyber and physical layer requires communi-
cation and synchronization of the embedded system software that introduces complexity, limiting perfor-
mance of real-time system and the emerging problems due to the compromised cyber-security during the
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product life cycle. To cater for such issues, there are overhead controlling and self-verification approa-
ches. Such approaches can be useful in dealing with unusual system behavior within CPS modules and to
find out the actual cause of the malfunction. These systems integration approaches in CPS research
include intelligent sensor fusion techniques, intelligent modular synchronization and different layers of prote-
ction checks and verification schemes depending upon the allowed overhead.

12.4. A Cyber Physical System (CPS) Approach for Safe Human-Robot Collaboration in a Shared
Workplace

There are many studies and classifications to ensure pre-effect safety in human-robot interaction. One of
the most important of these is a study by A. Sanderud, T. Thomessen, H. Osumi, M. Niitsuma, A. Sanderud (A
proactive strategy for safe human-robot collaboration based on a Simplified risk analysis) on a real time secu-
rity system for human-robot interaction based on the hazard index. In this study, the base factor for calculating
is the distance between the robot and the human. In a similar approach, an operator-based risk minimization
strategy approach accompanied by robot trajectory control was made by C. Morato, K.N. Kaipa, B. Zhao (S.K.
Gupta Toward safe human robot collaboration by using multiple kinects based real-time human tracking). In
this study, sphere-based geometric modals representing human and robot were used. However, in this approa-
ch the response time of the system was in the order of seconds. On the other hand,

A.M. Zanchettin, N.M. Ceriani, P. Rocco, H. Ding, B. Matthia (Safety in human-robot collaborative ma-
nufacturing environments: metrics and control), in their work, they studied multiple Kinect approaches for
real-time human tracking in a human-robot collaboration scenario.
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Figure 33: Joint points tracked by the Kinect co-tracking algorithm (Nikolakis at al., 2018)
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Figure 34: Position of the sensor for each recorded motion (Nikolakis at al., 2018)

This study highlights the importance of the separation area and the evaluation of implementing a proactive
or pre-collision avoidance strategy, which includes stopping the robot completely when necessary.

An approach to a control strategy for robot speed based on the distance metric between robot and human
was made by K. Jackson, K. Efthymiou, J. Borton (Digital manufacturing and flexible assembly technologies
for reconfigurable aerospace production systems) in their study. In this study, it is argued that although distance
is one of the important metrics for proactive or pre-collision avoidance in a human-robot collaboration scena-
rio, the response time of the presented applications does not seem to meet real-time constraints.

However, given the increasing complexity of production spaces and the need for interconnected systems,
applications approaching real-world conditions and low response times are needed.

To ensure human safety at runtime, the robot’s behavior must become adaptive based on human actions,
which introduces a new complexity to the operation. To solve this complexity, a new integrated framework for
data, sensor and communication services is required to simulate, monitor and control runtime operations. This
integrated framework enables their assets to interact and collaborate by constantly evaluating the operation
and adjusting it to real-world conditions. This results in the creation of an intelligent system that combines
the analytical and physical aspects. This intelligent system that performs the interactions between intercon-
nected computer systems and the world is called CPS (Cyber Physical System). Robotic CPS, which enables
human-robot cooperation and coexistence, must be adaptable, autonomous and highly automated. Physical
systems detect the changing state of real-world variables through various electronics, computers, communica-
tions, sensing, actuation, embedded systems, and sensor networks. As a result of the risk assessment covering
the design of the robotic CPS and the safety aspects for human operators, the CPS consists of three parts.

*  HC/ Human Component,
* PC/Physical Component
* (CC/Computational Component.

The main control parameter of robotic CPS is human safety distance, an important issue for realizing a
high level of human-robot cooperation is the technical limitations of real-time constraints of a high-level hu-
man-robot cooperation at sensor data rates. During operations, operators experience high mental strain or, in
other words, feel less secure when their distance from the robot decreases or the robot moves towards them at
a high speed.

Workspaces overlap in collaborative workspaces where humans and robots work together. The level of
interaction and collaboration can be tailored to the distance between human and robot entities, the complexity
of the collaboration, and the level of sharing of the workspace. In the structure to be configured, all operating
resources belong to the physical part of the CPS, because they can all interact with each other or independently,
exchange data, and their behavior can be customized by a control algorithm in the cyber part. Depending on
the actual conditions being followed, the structure aims to provide seamless human-robot collaboration by
combining the requirements and constraints of such collaboration with the production capabilities of all bu-
siness resources in a workspace. Human safety can be achieved by creating a closed-loop control system that
acts depending on the proximity of the human to the robot. The appropriate collision avoidance strategy is
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determined using a collision risk detection module. Vision and distributed monitoring systems provide low
processing and evaluation times, allowing real-time safety assessment and collision avoidance strategies to
occur.

Operators working in robotic environments need the following combinations to be safe from accidents

when collaborating or interacting with robots.

Information on real-world conditions of the study area,

Data collection mechanisms from operating organizations,

Communication services for timely data exchange,

Software components capable of checking and reconfiguring the status of CPS assets.

CPS related assets are operators and robot arms. The components at each level of the approach regarding

the automation levels in the approach are shown in Figure 31.
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Figure 35: Hierarchical diagram during implantation of the CPS approach (Nikolakis at al., 2018)

The lowest level includes hardware components (sensor systems to monitor the operating field, human
mobile devices to support a communication interface to the cyber part, physical robot(s) and its controller)
to retrieve and reconFigure real operating conditions.

Communication services for data exchange, transforming the field data into the information required by
the cyber part, to evaluate the proximity to the human and thus the risk of hitting the robot and secondly
any moving object.

The third and middle level contains all necessary algorithms for data processing, evaluation and control
of physical assets. At this point, it should be taken into account that any reaction to the physical part, this
level of evaluation and data processing should be done in a short time.

At the level of cognition, the human(s) risk of collision is evaluated as the distance between the human(s)
proximity to a moving object.

In the upper layer, the configuration level includes reaction strategies and algorithms that control or influ-
ence the movements of the physical part, such as triggering an emergency stop to the robot or sending a
warning signal to the human operator’s mobile device.

Mechanisms in the five layers of the referenced pyramid aim to bridge with a connected CPS, operators,

robotic manipulators, Information and Communication Technology (ICT) and Artificial Intelligence (Al/Ar-
tificial Intelligence) components and sensor systems and embedded components. They transfer data streams

OCCUPATIONAL SAFETY APPROACH IN COLLABORATIVE INDUSTRIAL ROBOTS

249



(sensor data, time information, robot controller data) to the cyber part. Then, a control strategy implemented
in the cyber department collects and correlates data according to time information, references and their source.
Next, the processing of the data takes place to evaluate the actual operating conditions. There may be robotic
security measures sent to nearby fixed or remote devices such as controllers, hard- wired safety stop, robotic
PLC commands, monitors or mobile devices that can affect the behavior of physical systems, this is illustrated
in the graph in Figure 34.

To achieve the objectives of the proposed CPS, data reflecting human and robot behavior should be used in
conjunction with the behavior/actions of both parties controlled by the CPS.

There are several paradigms that illustrate the evolution of the manufacturing industry over the past two
decades. Production systems are experiencing the transition from mass production to customer-oriented pro-
duction and customization. Today’s manufacturing companies are working to improve their performance in a
globalized, interconnected and volatile market. As a result, many assembly lines/stations are focused on integ-
rating human intelligence into automation solutions to reduce human intervention and participation in decisi-
on-making, aiming to increase efficiency. The operator working with the robot is treated as a potential system
uncertainty, thereby restricting its role and being considered a vulnerability. On the other hand, robots are
associated with functional limitations in their work, such as constraint to unstructured variable environments
and/or expensive adaptation to unstructured variable environment, complex programming, poor availability,
changeable and reduced production. Combining human skills with modern automation solutions, integrating
real-time context awareness and security mechanisms can lead to the creation of an agile manufacturing pa-
radigm that can meet the requirements of the markets. Working in a shared environment with workers, robots
enable a new concept of hybrid (hybrid) manufacturing in which maintaining human safety is of paramount
importance, because robots can cause serious and fatal injuries to the people they work with. In such cases,
the speed of the robot is kept low to avoid harmful collisions. However, higher operating speed can be allowed
for most of the robot production time if the risk of collision is minimized.The last of safety-related practices,
particularly human-robot collaboration, is defined by various industrial safety standards that protect workers
from accidents and management from legal sanctions. Safety and security requirements for human-robot col-
laboration relative to the cyber- physical system are based on the level of interaction between humans and
robots in the workplace to increase productivity. Collaboration between humans and robots is stated to incre-
ase the efficiency of individual complex assembly processes in terms of reducing contact time compared to
manual solution. The passive motion routing technique is combined with a limited power assist to maintain
human safety; it appears that lower cycle times are seen in collaborative work cells compared to manual cell.
Meanwhile, force and torque measurements are also provided, along with visual tracking of the operator. Sa-
fety policies (robot safety stop or away from human hand) are determined based on the intermediate distance
between the human hand and the tool on the robot by applying a safety algorithm based on threshold values, the
calculation of quantitative models for joint physical interaction and the anticipation of the next action enabled
by the use of Markov Decision Process strategy, predictable quantitative evaluations are made.

In general, approaches to secure human-robot collaboration can be divided into two categories: pre- and
post-impact. Pre-impact methods are based on robot and human separation and allow preventive actions when
the separation is below a predetermined safety threshold. On the other hand, post- response approaches focus
on detecting and responding to collisions, especially by detecting human contact, reducing contact forces for
people below the dangerous level. The second category entails a collision, including an inherent risk to the
human operator, while the first minimizes this risk, if accurate enough, by pre-implementing safety reactions.
However, this may result in lower efficiency. It seems essential that a detailed risk assessment, including
risk analysis and mitigation measures, of approaches to protecting human safety, especially in collaborative
environments where complex work is carried out, must be carried out. (Y Chinniah Robot safety: overview of
Risk assessment and reduction). A common feature of risk assessment strategies in this regard is to either keep
the speed of the robot at low or zero levels when the human is close, or to move the robot away from the hu-
man and thus maintain the distance between them.

The Programmable Logic Controller (PLC) controlling the robot blows information reflecting the robot’s
current position, speed and joint coordinates. This data allows its behavior to be monitored and controlled th-
rough appropriate commands sent to the controller. Speed adaptation and reconfiguration of robot movements
are critical functions related to human safety. In a similar approach, operators can interact with CPS via mobile
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devices supported by communication services and appropriate software interfaces. During the working time,
workers can receive support to perform assigned tasks through an intelligent system via mobile devices, in
the form of instructions, guidance, task assignments and collision risk notifications, alerting them to be more
careful and/or adjust their activities. In the context of supporting additional mobile assets, there is a monitoring
system working and interacting with workers and robots in the shared workspace. In the proposed approach,
Kinect v2 optical sensors are used to support depth data acquisition. Depth data provides 3D/3D information
about the work area and the activities

taking place in it, thus enabling human/object detection and tracking. 3D data streams contain a large
amount of digital information that requires complex and time-consuming processing, but can enable any as-
sessment considered important in human safety scenarios based on human physical body volume. The combi-
nation of PLC, depth sensors and mobile device hardware provides necessary information in the form of digital
information about shared workspace conditions. Through established network connections and communicati-
on channels, data containing information about actual operating conditions are transferred from the physical
part of the CPS to the cyber part for analysis and sub-processes. In the cyber part of the CPS, depth data from
multiple frames is processed by depth sensors to identify people and moving objects. Motion is detected by
comparing sequential task setups. This comparison is performed by subtracting common information. The
data produced by a depth sensor is in the form of a point cloud, that is, they are called Cartesian coordinate
points in three-dimensional space. Timely human detection and monitoring should be ensured for human sa-
fety during cooperation. It should be noted that the Kinect v2 sensor supports two data streams; depth data and
skeletal structure data.

Human-specific depth information can be revealed by correlating the two data streams, thereby increasing
the accuracy of human detection due to occlusions. It should be noted that the point cloud has a coordinate
reference system according to that of the local sensor, by taking the Kinect location in space as a reference,
with the creation of the depth map, and generating a human point cloud containing a large number of points in
three-dimensional space. To enable real-time and human proximity assessment, the dataset of 3D points of the
human is reduced in size by rendering the convex body. As a result, points on the operator’s cloud envelope
are retained for further evaluation. (Fig. 32)
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Figure 36: The force felt on the skin surface during contact (Nikolakis et al., 2018)

The interoperability of multiple sensors makes it easy to minimize blind spots in the monitored area. For
the experimental setup, a synchronized TCP/IP sockets are available on a robotic controller and an Android
device enabled by a wireless network. To minimize data transfer delays, the network is set up over a limited
area and for a small number of nodes. Sockets in the robotic controller are used depending on safety strategies
for controlling the robot tip effector coordinates and transmitting speed-related commands such as slow/stop.
Also, through the socket on the android device, workers in the work area are audible alerted that any moving
object is moving towards the restricted area. One of the main functions of the current application is that it is
scalable.

OCCUPATIONAL SAFETY APPROACH IN COLLABORATIVE INDUSTRIAL ROBOTS 251



In the case of using a sensor, all calculations of the cyber part are performed locally on a single computer.
However, when using multiple sensor systems, the depth data processing steps, transformation of coordinates,
and distance calculation are distributed among the various nodes. The results are then transmitted to a central
node responsible for controlling the CPS physical assets (human and robot). It then applies the selected safety
principles based on the average values of the calculated distances. Computer systems connected to sensors
must meet some minimum requirements for 3D graphics rendering. Thus, this approach enables the system to
respond quickly with short computation times

The distance calculation component is wrapped with all the functionality mentioned earlier and distributed
as a standalone windows application. Communication is provided via TCP/IP sockets, thus enabling decision-
making based on almost real-time selection of control strategies suitable for real operating conditions. In
addition, the application supports limited interaction with the Unity framework, which can be used for robot
simulations and interaction with point clouds and convex bodies of sensor systems. Unity reads the sensor
information of one or more robots and creates a model of the robot with real operating conditions, in which it
is a player, the artificial intelligence behavior is provided by Unity, this behavior is translated into commands
that are then sent back to the physical robot that will display this behavior.

Figure 36 shows the screenshot of the application working with Unity visualization. In this way, the human
point cloud appears in red and the convex body in green. The visualization interface is for inspection purposes
only, so a limited subset of the human point cloud and convex body is used to visualize the human presence
near the robot. Unity graphics are of high quality, making it difficult to update the scene at runtime. Choosing
a lighter tool for clearer visualization or adopting a 2D interface will be the main target of future research.

Figure 37: Use case visualization through the developed application (Nikolakis et al., 2018)

13. RISK ANALYSIS APPROACHES

In the book, information is given about industrial and collaborative robots, applications and various risks
that may come to the fore during applications, and information is given about the points to be considered in
the risk analysis that should be done about the reduction of risks and the formation of risks, and the precautions
to be taken for them. While performing the risk analysis, especially following the recommendations of ISO/
TS 15066, the limits given here were acted upon, the risk analysis and risk reduction measures were summari-
zed, and information was given about the main hazards as well as the general methods used to reduce the risk.
In this section, in various studies, the elements that can create danger in robot-human contact during robot/
human cooperation are discussed, especially their compliance with threshold values given by ISO/TS 15066.
Various approaches are used in risk analyzes for cobot/operator cooperation, but it has been understood that
the analysis results do not give the same results in the applications in which each robot is used. Traditional
approaches such as FMEA and FTA have been shown to be unsuitable for HRC as they do not always capture
the hazard due to combinations of human factors and hazards. Therefore, formal verification methods are pre-
ferred to improve hazard identification in robotic applications. These methods can be applied to complement
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techniques such as HAZOP, which consists of a series of meetings and brainstorming processes to identify and
assess potential hazards to the operator, equipment or productivity. The goal here is to get as much information
as possible from experienced users and experienced security engineers. In some cases, security issues in robo-
tics can be addressed by using STPA, which creates a model of the control structure of the system, to identify
control-related defects, and in a combination of semi-formal or formal solutions. Common approaches such as
STPA and HAZOP, although used in conjunction with formal solutions, can only provide a general framework
for hazard identification and safety design. There are examples of HAZOP using state charts to describe the
behavior of the robot, along with diagrams of UML models to identify potential hazards, their causes and their
severity.

One of the approaches used in HRC applications and security analysis is SAFER-HRC methodology. The
methodology is based on formal validation techniques to investigate predictable desirable and undesirable
interactions (errors) between operators and robots. In the article titled “Collision and Injury Criteria When
Working with Collaborative Robots” published in the (HSE) Health and Safety Laboratory for the Health and
Safety Executive Report, which was made and prepared in England in 2012, it was used to test the protection
equipment on the human body during the collision of the robot with the human. Using the CEN/TC 162, BS EN
12453:2001 standards, which includes the acceptable impact values for electric doors, the recommendations
on the impact force, compression, impact, crushing or breaking on the human body during the collision were
examined and on pressure, impact, impact, crushing forces. The current status of the studies and the evaluati-
ons of the effects on the body regions after the impact were emphasized.

Table 16 shows the comparison of the values from the ISO/TS 15066 draft with the values from the CEN/
TC 162 draft. It can be seen that the values chosen for the ISO/TS 15066 outline are lower than nearly all of
the values recommended in CEN/TC 162, suggesting that force levels were chosen with caution. It is seen
that various categories related to the human body in the ISO/TS 15066 draft do not have exact equivalents in
the CEN/TC 162 document. Values in CEN/TC 162 were collected from a number of research sources with
references given, as in Annex 1 of the reference list in the standard.

Table 17: Some comparison values for force limit values for force limit
values from draft CEN/TC — 162 and draft ISO/TS-15066 (HSE, 2012)

Level of injury resulfing from impact force ranges (I}
CENTC-142 CENTC-162 ISOVTS 15086~

Body area Severe / moderaie i OF 0o inju Injury eriteria
Skmll wap / forehead fmpact G00 o 110008 < OO0 175H

Face 200 1a 5500 =100 20

Meck {front lanmx) 700 <100 35

Chavt / rits 580 to 2500 <300 210

Eally / sbdominagl crgans 1000 to 4000 800 to 2000 &0

Back 2000 to 5000 =200 250

Upper arm  elbow jodnt 2000 o 4000 1700 180

Lower arm hand jodnr S0 vy 2800 500 rand )

Thigh / kmee 2400 wo 10000 1000 to <3000 150

Lower leg 200 1o 5007 <1000 170

Fast / toas | joint 130 to 1300 Hat listed 160

*Level of iy is digffred e ISOVTS 15066 a0 T the establizhed main and indfvidual body regions
according se Table 1. only thore streszes on vhe shin and underbang comnecting oF Muscie HIzug may
accur whird there was wo deeper skivfisiue pewstragion accomponisd by laceratiors or abrastors,
Jractures or other skeletal domages. ... Under mo circuwmstances a rick for ijuries with hipher severiy
thept carggory [ qf the dbbrevicead Infury Scale (A751) and more severs s with the codificarions for
surfiace Dyjurdes qf the FCDR10-20048 capr br tolerated, '
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Some comparisons of the ISO/TS 15066 draft limit values with the tolerance values found in the report
for the Passenger Protection and Exit in Rail Systems (OPERAS) project are given in Table 17. For example,
while force values are given in Newtons in ISO / TS 15066, the OPERAS project gives the tolerance g-force
or the maximum physical displacement in mm.

Value from Draft ISO/TS 15066 Value from OPERAS report
Criteria description Value Criteria description Value®
SkullForehead CSF- 130 No =lull fracture <2200
SkullForehead IMF’ 175N ATS 0-1, no concussion <55 for 3ms
Face CSF 63N AIS 0-1, no facial injury <250N
Chest CSF 140 AIS 0, no rib fracture <=38mm chest deflection
Chest IMF 2104 Minor injury, sternum 3300
Chest IMF 210 25% chance of AIS 4 mnjury 3500
Belly CSF 110N | AIS 0, no injury <20mm deflection
Pelvis IMF 250N ATS 0, no fracture, lateral <4000
Uppr arm/Eblw joint IMF 190 Humers. bending, female 1710
Lwr arm/Hand joint IMF 20N Ulna, bending, female 210N
Lwr arm/Hand joint IMF 220N Radius, bending, female 670N
Hand/finger IMF 130 No hand fracture <5m/'s impact velocity
Thigh / knee IMF 250N Femur, bending, female 2580
Thigh / knee IMF 250N No dislocation <8mm Ing shear displacement
Lower leg IMF 170N Tibia, bending. female 240N
Lower leg IMF 160N Fibia, bending, female 300N
‘: See Table 1 for a description of the injury criteria for the ISO/'TS 15066 force values;
* CSF = Clamping / squeezing force
? IMF = Impact force
* Some values are not directly comparable because of the difference in the units, but are
provided for making a qualitative comparison. Even where units are the same, the exact method
and site of measurement is likelv to be different. which limits comparisons.

Table 18: Comparison of force limit values from draft ISO/TS-15066
and other literature sources (HSE, 2012)

Due to the differences between the standards and the force limitations given, a complex situation may arise
in these cases. This variable force limit over time applies to gaps of 50 to 500 mm, and the values appear to
apply to most body parts. However, it is not very clear that injury criteria for these force limits are not clearly
defined, i.e., whether the limit is designed to preventdeath, serious injury, or minor injury. Another example
of the dynamic complexity of the body as a whole is forces in the neck due to rapid movement of the head or
body parts after a collision with an object. For example, it has been seen from various crash/impact tests using
dummies that the head impact forces can be transferred to the neck. When the force measurements taken from
the test dummy and the forces on the neck for the impact values given to the head during the test are examined,
it can be seen how the constraints of the surrounding objects can significantly affect the forces transferred to
the neck. Attempting to determine an acceptable impact force for the head and torso will require consideration
of acceptable impact forces on the neck. As a result, it has been determined that while determining the accep-
table impact force for the head and body, it will also determine the limits of the impact values that these forces
can create on the neck, but it has not been mutually confirmed with the drafters whether these types of knock
forces are taken into account in the force limits in the ISO/TS 15066 draft.
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Reliability of Human Behavior

In the collaborative working environment, the robot operator contact will definitely be in the common
working area. The position of the moving part of the robot is very important, because the level of injury or
crushing will be different depending on the point of contact on the body in a variable or unconscious operator
movement. These involuntary and unreliable operator behaviors need to be explained in detail.

Since the possibility of human/robot contact in collaborative robots has increased with the removal of
the fences in traditional robots, it has been seen that human performance reliability must be evaluated while
making risk assessments. With the removal of the fence, it has been observed that there is less contact with
humans, even though robots are working together, because in most of the contacts or accidents on the fence,
the performance of humans is unintentionally effective.

Contactless Modes for Secure Workspace Sharing: ISO/TS 15066:2016 recommends considering the mi-
nimum safety distances recommended in ISO 13855 for robots moving in collaborative workspace. Although
the sensors recommended in 15066 were used during the design, it has been shown that the use of stepped sen-
sors that can monitor and control the relative positions, speeds and safe distances of the robots and operators
during the design in collaborative areas where more than one robot and operator work is in question. detected.

In another risk analysis, insufficient visibility in dusty or variable light working environments showed that
both operators and robots working in the collaborative space had difficulty perceiving distances and location
information. It has been understood that the sensors used in these cases should be capable of giving rapid, im-
mediate and sensitive responses. Since robots work in these areas, integrated into a system, the system here
must also meet relevant safety standards such as EN ISO 13849-Part 1 and 2 and EN ISO 13855. As seen in
Figure 32, in collaborative environments with multiple operators and robots, safety-related components must
be selected according to the appropriate environment and be able to monitor movements in a rapid manner.
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Figure 38: Industrial scenario with multiple workers needs multiple worker identification tracker (Khalid at al., 2016a)
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14. APPENDIXES
14.1. Appendix 1:
APPENDIX 1: A Risk Analysis for Robot Cell According to EN ISO 12100:

Scan the SQUARE CODE to access the APPENDIX 1 Excel File

Robot Application Risk Assessment Report

Factory :| ABC Company
The section where the workstation
is located :

Name of machine/line:| Montage

Production area

MachineNo| 23

Evaluation Date :| 6.07.2020

Validity Date of the Reporq 5.07.2024

Number of operators ;| 1

Number of control points :| 1

- |
“The following will be taken into account when asking these questions. How many days are worked in 5
week: :

- Age, education level, gender of the person at risk How many hours are worked in b |
- Health surveillance records of these people, disabled, pregnant or | 8
breastfeeding day :
- Inspection results of the workplace, work accident, incident and near miss
records
- Ambient and personal exposure level measurement results
- Emergency plans and explosion protection documentation
- Previous Risk Assessment reports, if any”
Description of the operation and modification, if any, of the Workstation:
Directives and standards taken into account in the preparation of this document:
OHS Law No. 6331 and other relevant national legislation

No Team Members, Support Signature No Job security specialist Doc No Signature

1 1

2

3 No Workplace Doctor Doc No Signature

4 1

5

Department Managers
6 No (Employer or employer Title Signature
representatives)

g 1 Chef

No Workplace Employee Representatives Signature 2 Manager

1 3 Director
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Risk Assessment Methodology

HRN = L0 x FE x DPH x NP
The probability of the event Frequency of being in the e iy Number of people at
occurming danger zone risk
0,033 Amost impossible 05 1PerYear 01  Scralching, scraping 1 1-2peope
1 Very dfficut possiilty 1 1PerMonth 05 Cul, tear 2 37 people
1,5  Difficult posshiity 1,5 1 Per Week 1 Minor bone fracture (finger) 4 815 people
2 Likely 25 1PerDay 2 Major bone fracture (hand, arm, leg) 8 16-50 people
5 Probably 4 1 Per Hour 4  Lossof 1or2fingers 12 > 50 people
- A= |
o Most Procay N et T
[-_! 15  Definte 12 Serious persistent ilness
- 15 Fala

HRN - Hazard Ratio Value Explanation
Key | HRN Risk Explanation

Currently, there is no risk to endanger health and safety, no need for
01 Negligible Risk | -0 o oy o

Currently, there are few risks 1o health and salety, and addiional signiicant
25 Very Low Risk safely measures may not be necessary. Personnel protection equipment can
be used and the risk can be reduced with training.

615 Low Risk There is a little risk though. It should be recommended to use the necessary
control equipment for safety measures.

There is a level of risk that requires safety measures to be taken. These
16-50 Considerable Risk ke i ed at the earlest opportunty.

51100 High Risk There is enough potential danger that safety measures need to be taken
immediately. These measures must be implemented urgently.
Safety measures must be taken very urgently. Relevant administrative units
101-500 Very High Risk b6 i _
Safety measures should be taken very urgently, equipment should not be
501- Extremely High Risk |used unti adequate conlrol measures are taken, people should be kept away

and the relevant management units should be informed.
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14.2. Appendix 2: HRC Application

TUV Austria has compiled their work with the JOANNEUM RESEARCH ROBOTICS Institute and Mag-
na Steyr Fahrzeugtechnik into a separate report from technical mechanisms and complex measurement metho-
ds to outline the considerations and key requirements in the development of an integrated safety and security
concept for human-robot collaboration. And he stated that even the simple constructive and organizational
measures outlined in the report can contribute to reducing the risks in cooperation between humans and robots.

In this report, it was pointed out that the starting point for risk reductions should be the risk analysis re-
commended in EN ISO 12100, which recommends clarifying the unclear and unclear points in an application
realized with human-robot collaboration, and the issues that are considered to be risky in HRC applications are
examined one by one.

In the two different examples discussed, the basic lines that should be emphasized during risk reduction and
risk analysis during an assembly process are explained.

In both of these studies, in which robots produced by Kuka and Universal Robot companies are used, the
assembly process is carried out, but the weight of the assembled part in the UR robot reaches 4500 g, although
the part assembled in the Kuka robot is 250 gr. Since the danger when the weight of the part in the application
falls or when it hits the operator with the robot will be greater than the previous example, this issue must be
taken into account in the details of the risk analysis.

In the study, first of all, the targeted safety concept was created (reducing/controlling the force and applied
force), the path to be followed by the robot was determined, and suitable clamps and protectors for the robot
to operate and reliable conditions (warning signs, light signals, setting the reliable distance between the robot
and the operator, sharp corners on the robot. and avoiding edges).

Risk Analysis

Both of the use cases shown here are a combination of various technical components — robot arm, cont-
rol system, robot tool, as well as the sur- rounding elements such as workbench or storage and materials
handling technology. Only this combination and collaboration with humans re- sults in an HRC application
pursuant to EN ISO 10218-2 and a machine from the point of view of the Machinery Directive 2006/42/EC,
that may only be placed on the market and thus put into operation, if it is in line with this regulation, amongst
others, and thus its CE-conformity has been tested and confirmed. The four basic steps of the risk analysis
that should be done by the distributor company according to EN ISO 12100 recommendations are as follows:

Defining the Limits of the Machine:

By specifying the machine limits the scope of the examination for the risk analysis is defined. In this case it
is an assembly system to assemble products in which the robot and humans share the work. It also de- scribes
the features and performance of the machine as well as spatial, temporal and a number of other limits such as
the conditions of use and personnel qualifications.

Spatial limits refer to spaces in which the machine can move and the space requirement for the operator as
well as interfaces to upstream and downstream machines and stations. Temporal limits describe the servi-
ce life and maintenance intervals for the machine, for example. Thus, the service life of the robot model URS
(Universal Robot) that is used in the first Use Case is 35,000 hours according to its manufacturer, something
that also has to be taken into account in the service life of the overall HRC application.

Identifying the Risks:

Risks that arise from the use of the machine for its operator can be identified as soon as transparency has
been achieved on the scope of the examination. Workshop formats have proven their worth for this analysis,
where various internal and external experts, which are or are not familiar with the application, identify possible
risks along the service life phases of the HRC application through a methodical discussion of concept, drawin-
gs, process illustrations and technical data for the application under assessment. Endangered persons in this
case are not just the actual machine operators but also technicians, cleaning personnel or external visitors to
the production environment.
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Figure 39: Risk Analysis Procedure (TUV Austria, 2017)
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Figure 40: Service Life Phases of and HRC Application (TUV Austria 2017)
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During the determination of the risky areas, it will be useful to take into account the possible mechanical,
electrical and ergonomic risks that may arise from the robot station or the system in which the robot is integ-
rated. When analyzing risk, it is necessary to take into account that not only operators, but also those at risk,
not only real machine operators, but also maintenance technicians, cleaning personnel or potential visitors to
the production environment may be at risk. Apart from this, it is not necessary to take into account the noise
of various intensity that may come from the environment or other machines in HRC evaluations, but if there is
a high work monotony, it is useful to consider it in the evaluation.

Crushing of fingers between
joint 1 and 2 or tool interface

Crushing between gripper
and workpiece in container

Crushing between robot foot
and base joint

Crushing between workplace l
set-up and robot arm

Crushing between working

Transient impact between | surface and gripped workpiece

gripper and employee [ j e

Figure 41: Identified Collision Risks (TUV Austria, 2017)

Risk Assessment and Evaluation:

Once all of the risks have been identified, they have to be assessed. Whereas the identification phase is
based on a subjective judgement of the assessing persons, defined parameters are used to quantify the risks,
which at the same time means an objectification of the process. Each identified risk can be evaluated according
to four criteria:

S: Extent of damage at the start of the risk
F: The frequency and duration for which a human is exposed to the risk
W: The probability of a risk occurring

P: The avoidability of damage by recognizing the occurrence of the risk Each risk is assessed according to
each of these criteria. Various standards provide different methods and scales for this purpose, whereby these
do not have to be mutually compatible. Nor do uniform rules apply for their representation in so- called risk
graphs. The following definition has proven its worth:

» The extent of damage S has a bandwidth from 0 (no damage) to 4 (irreversible damage, loss of parts of the
body, death).

» The frequency F lies between 1 (exposure to risk less than once a year for fewer than 10 minutes) and 5
(exposure to risk more often than once per hour). The highest frequency level 5 thus has to be assumed for
a number of risks during continuous operation of an HRC application.
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» For the probability of occurrence W, values are assumed between 1 (negligible) to 5 (very high).

» The avoidability P of the damage is defined between 1 (recognition of the risk occurrence and avoidance
is likely) and 5 (recognition and avoidance is impossible).

So-called aggregated values are then calculated from these individual assessments, namely the risk class
and the risk priority number.

Risk class: F+W+P
(RPN) Risk Priority Number= Risk Class x S

The goal of this study is to reduce the identified risk in priority class to reasonable and acceptable values,
and to take risk-reducing measures according to final priorities.

Risk Reduction:

All identified risks that are rated with an RPN above the agreed level have to be reduced by appropriate
measures. Constructive measures relate to structural modifications to the machine that change its basic design
or function. Technical measures are achieved with aids of a technical nature. These can be additional safety
devices or sensors with respect to a human- robot- collaboration, though also the limitation of output and speed
by means of the robot’s control system.

Depending on the RPN, a certain degree of reliability that describes the failure probability per hour of the
technical measure is assumed for control technology measures. This presumed degree of reliability is quoted
as the Performance Level (PL) according to EN ISO 13849-1 or Safety Integrity Level (SIL) according to EN
61508 and EN 62061. The exemplary risk with its RPN of 30 requires the use of a technical measure to reduce
the risk to a Performance Level of at least PL = ¢ and/or a Safety Integrity Level of SIL1, corresponding to
a maximum failure probability of 0.0003% per hour. The RPN is reduced to 10 if these measures are imple-
mented.

Proabiity ol Diangerus Falun Frababiity ol Dengaius Falus
pr o i Haoe

fHgn darmand of

#10* and <10 2 No cormespondence CombrLOLUS Moda OF Dporaon)
2d = 10% and <10* b i 210 and <10%
210% and <3 x 10* c 1 z10* and <10
10-7 and <10-8 g = =107 and <10®
210* and <107 g 1 210" and <10

Figure 42: Relationship between PL and SIL (quote from ISO 13849-1:2006)

It can be reduced even further by supplementary organizational measures, in the present example to 8. If
this is then below the agreed maximum value, no further measures would be necessary. There are a large num-
ber of different ways to reduce the risks and their effects are very different too.

The specific feature of a human-robot-collaboration lies in the potential collision between a human and
the robot. The following chapters offer an overview of how to deal with this specific feature as well as further
ideas for risk-reducing measures.
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Risk Reduction Measures:
Fundamentals of Biomechanical Limits:

Once the possible collision scenarios between humans and robots have been identified in a risk analysis,
the most important risk-reducing measure, after an avoidance of the danger spot, is to reduce the forces and
speeds as a technical measure — so as to comply with the force and pressure limits that apply for collisions
between the operator and robot. The potential contact situations can be classified into two categories pursuant
to ISO/TS 15066: transient and quasi-static contact. These differ firstly in terms of the duration of the contact
and secondly as to whether it is possible for the person affected to free himself after the collision. Quasi-static
contact lasts for longer than 0.5 seconds per definition and the human is trapped between the robot and the sur-
roundings or parts of the robot. In contrast, transient contact lasts a maximum of 0.5 seconds and the affected
person can withdraw or step out of the way after contact (See Figure 37- transient and quasi-static).

Quasi-static Collision Transient Collision

Tr—

Transient (impact in free space)

Figure 43: Quasi-static and transient collision
(Shea, R. Universal Robot Quote.: https://www.gray.com/insights/creating-a-safety- culture- in-the-cobot-era-of-manufacturing/)

In order to define the limits for a quasi-static collision, the pain thresholds of humans were determined em-
pirically for 29 specific regions of the body as a function of the effective force and pressure The Institute for
Occupational Safety and Health (IFA) and the University of Mainz carried out a study with 100 test persons
in 2014.

Although the results obtained will not be representative equally for everyone on account of the low number
of random samples (e.g., differentiation between men - women), the limits that were identified were published
in an information of the German Social Accident Insurance (DGUV) (3) and the technical specification ISO/
TS 15066:2016(E) (1). An exemplary excerpt is cited graphically in Figure 38.

ISO/TS 15066:2016, which supplements the standard EN ISO 10218- 1/2:2012, also quotes limits for tran-
sient contact in addition to the described limits for quasi-static contact (see Figure 38). For transient contact a
limit twice as high as that for quasi-static contact is assumed, whereby this is a constructive estimate.

During a possible collision between humans and robots, both of the limits, force and pressure, which apply
for the affected regions of the body, may not be exceeded according to ISO/TS 15066:2016. For small collision
areas the pressure will be more relevant, whereas the effective forces will be more relevant for larger areas.
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Figure 44: Biomechanical limits in accordance with ISO /TS 15066: 2016
for quasi-static collision (Quote from ISO TS 15066)

The sample biomechanical limits shown are a food guidance aid and can be used as a reference when

applying HRC applications in industry. Even though force, output, and speed limits can be parameterized in
the control systems of modern collaborative robots, actual measurements of the effective forces and stresses
in the context of the general application must be made for all collision situations, as shown in Figure 37. Thus,

compliance with the limit values will be checked.
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Figure 45: Using the KDMG-
KOLROBOT Measuring device. (TUV)

Figure 46: Partial pressure distribution at
the collision surface (IAF)
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Measurement Methods and Aids:

Different methods and equipment are available to perform these measurements, each of which is suitable
for different measurements and purposes.

Force-Pressure Measuring Device

The most informative measurement results are provided by combined force-pressure measuring devices
such as the KDMG- KOLROBOT that has been developed by the Institute for Occupational Safety and Health
(IFA) of DGUYV (Deutsche Gesetzliche Unfallversicherung -German). This measuring device realistically sim-
ulates the different regions of the body, each with their respective spring stiffness, as a biofidelic substitute and
is even able to measure pressure in their local resolution.

Force and pressure curves can be determined in a single collision test. A piezo load cell is installed in the
measuring device’s housing to determine the force and a sensor film is attached to the collision surface, to
measure the spatial distribution of this force, thus allowing the calculation of the pressure distribution. The
data from the different sensors is compiled in an analytical software program.

Figure 39 shows how the maximum force exerted by the robot during a collision can actually be reduced
by gradually lowering the force limit (S) and acceleration (a) in the control system of the tested robot, thus
allowing the HRC application to be aligned to the biomechanical limits.

By showing the force and pressure over a time curve, the duration of the load can be determined and thus
a decision taken on which points in time the limit for quasi-static or transient contact situations has to be taken
into account. The active and passive functions of certain robots mean that the forces and pressures are only
active for a short time.

It can be seen that despite a parameterization of the force limit/sensitivity to 140 and 100 N in the robot’s
control system, higher peak forces were in fact reached in all three collision tests.

300

250

200

150

Measured force N

100

50

0 50 100 150 200 250 300 350 400

TCP speed, mm/s

Figure 47: Set sensitivity and actual collision force, robot model Universal Robot UR3. (TUV Austria, 2017)

It can therefore be assumed that the robot only detects the occurred collision when the preset threshold is
reached and it continues to build up force in the so-called run-on until the stop is triggered.

This proves that the parameters in the robot’s safety settings are only proxy values that have to be checked
by means of biofidelic measurements (D. Kirschner, A. Schlotzhauer, M. Brandstotter: Validation of Relevant
Parameters of Sensitive Manipulators for Human-Robot Collaboration. To appear in Proceedings of the 26th
International Conference on Robotics in Alpe-Adria-Danube Region-2017).
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Programming for Human-Robot-Collaboration

Technicians have to rethink the entire programming process in human- robot-collaboration through the
parameterization of limits for force, output and speed so as to comply with the biomechanical limits in the
robot control system. Instead of minimizing cycle times through the shortest possible travels and high speeds
for the robot, the program design itself should contribute to avoiding any risks without having too much of a
negative effect on the performance.

The following points are just some possible measures;

» Gripping points as potential crushing points should be approached more slowly than in conventional robot
programs.

» Gripper spreads should be designed as narrow as possible at the place of gripping itself to prevent fingers
getting caught between the workpiece and gripper.

* During gripping, the buildup of force in relation to the gripper spread can be monitored to check if the
correct object has been gripped.

* The trajectories should be planned at an adequate distance from surrounding objects to avoid additional
collision risks.

* The speed curve within a path should be adapted to the direction of movement as well as the position of
obstacles and persons.

» The robot should approach level surfaces at a right angle wherever possible so as to avoid shearing colli-
sions.

Programming HRC applications calls for novel approaches compared to conventional industrial robots and
poses new challenges for programmers. Personnel training is urgently needed here and the topic has to be dealt
with accordingly during vocational training.

Constructive and Organizational Safety Measures:

Apart from the technical measures, above all the limitation of collision forces, constructive and technical
measures to reduce risks also play an important role in the integral safe design of HRC applications. The stru-
ctured approach of a risk analysis also identifies risks that can be combated by constructive or organizational
measures. These risk-reducing measures are often cheaper and easier to realize.

Simple constructive elements can obstruct or even completely prevent access to potential shearing and
crushing points so that these do not have to be monitored by complex technical means. This is necessary in any
case if technical monitoring is impossible or the forces and pressures acting at potential collision points cannot
be reliably deter- mined by measurements, for example on account of their restricted spatial accessibility.

Enlarging the area of small contact surfaces such as gripper tips can distribute the collision forces over a
larger area and hence reduce the pressure. Soft attenuators on the robot housing reduce the transmission of
peak forces. Laying media lines in a duct along the robot housing can greatly reduce the risks of damage to the
system or injuries due to the cable becoming entangled. At best, an external cable bundle should be avoided
wherever possible and sole preference be given to the use of media lines that run inside the robot arm.

Collaborative Workspace Details:

Identifying the work area of collaborative robots with warning signs and optically marking the robot’s
range of motion within the collaborative workspace are appropriate measures. These help to draw attention to
potential risks and increase the chances of noticing the onset of a risk and thus avoiding any damage or injury.
In addition, the operation of the robot is not interrupted by frequent safety shutdowns as a result. Status indi-
cators, such as a light signal, show the robot’s operating status and prevent surprises.
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Figure 48: Collaborative work cell (B.Mike., Kuka Robotic)

A logical arrangement of the control panel in the co-working area provides instant access to emergency
stop equipment and an overview of fault and error messages. If there is increased visitor traffic in the affected
production area, access of the HRC application(s) to the collaborative area should be restricted to authorized
persons. When considering direct collaboration space and constructive design, rounded areas should generally
be preferred over small, square shapes rather than small spaces. In the event of a collision, these measures
mean that the largest possible force absorption area is directed, thereby reducing the effective energy input.

It clearly demonstrates that a device intended for use only in a manual assembly environment is not entirely
suitable for use in a human-robot-collaboration due to its geometry. The geometry of the component results in
contours with sharp edges; this results in collision pressures for the hand area that significantly exceed the bio-
mechanical limits, possibly if a hand is crushed between the device and the workpiece on the robot. Equipment
needs to be redesigned as these pressures cannot be sufficiently reduced by limiting force and speed alone.

15. APPLICATIONS

15.1. Key Harmonized Standards and Field Application Examples to Be Considered in Risk
Assessments for Machines Utilizing Industrial Robots

15.1.1. Harmonized Standards and Their Types

When conducting a risk assessment in industrial robot applications, it is essential to evaluate whether the
system complies with relevant harmonized standards. These standards provide the necessary technical fra-
mework to verify, among other things:

*  Whether the number of emergency stop buttons installed is sufficient,

*  Whether the safety fencing surrounding the robot cell meets the appropriate height and distance require-
ments,

*  Whether the interlocking devices installed on access doors are correctly selected and conFigured, and

*  Whether the robot control circuits have been properly connected to meet Category 3, Performance Level
d (PL d) requirements.

The use of harmonized standards enables engineers, integrators, and inspectors to objectively determine
compliance with essential safety and health requirements in industrial automation systems.
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To understand why harmonized standards are vital in machine risk assessment applications, one must first
examine the cornerstone of machine safety regulation — the Machinery Safety Directive 2006/42/EC, which
serves as a reference guide for achieving correct and consistent outcomes in all matters concerning machinery
safety.

According to the directive, a harmonized standard is defined as follows:

Harmonized Standard: A technical specification adopted by a recognized standardization body — such as
the European Committee for Standardization (CEN), European Committee for Electrotechnical Standardiza-
tion (CENELEC), or the European Telecommunications Standards Institute (ETSI) — in accordance with the
procedures established by the European Commission.

The clause that highlights the importance of harmonized standards within the Machinery Safety Directive
is found in Part III, Article 9, Paragraph 2, which states:

A machine manufactured in accordance with a harmonized standard shall be presumed to comply with the
essential health and safety requirements covered by that standard.

This provision establishes a presumption of conformity, meaning that machines built in compliance with
relevant harmonized standards are deemed to meet the essential health and safety requirements set forth by
the directive.

Thus, harmonized standards not only serve as technical references but also form the legal foundation for
demonstrating safety compliance in both national and international regulatory frameworks governing machi-
nery and industrial robotics.

Types of Standards
There are three different types of standards, classified as Type A, Type B, and Type C.

Figure 49: Types of Standards

To provide some background information on Type A, B, and C standards:

* Type A standards are fundamental safety standards that cover the basic concepts, design principles, and
general aspects applicable to all types of machinery. An example of this is EN ISO 12100:2010 — Safety
of Machinery — General Principles for Design — Risk Assessment and Risk Reduction. The EN ISO 12100
standard can be thought of as similar to an “Introduction to Engineering” course taught in the first year
of university engineering programs. It provides general knowledge on a wide range of topics and directs
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students to other, more specialized courses for detailed understanding. In the same way, the EN ISO 12100
standard, as a Type A standard, guides the person performing the risk assessment to other relevant stan-
dards for detailed evaluations depending on the specific subject matter.

For example, when assessing whether the height of an emergency stop button from the floor is appropriate,
one should refer to a Type B standard, namely EN ISO 13850:2015 — Safety of Machinery — Emergency Stop
Function — Principles for Design.
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Figure 50: Emergency Stop Button Located at the Entrance of a Robot Cell

» Type B standards are general safety standards that address specific safety aspects or types of protective
measures applicable to a wide range of machinery. Type B1 standards focus on particular safety aspects
such as surface temperatures, safety distances, and noise levels. An example of a Type B1 standard is EN
ISO 13857:2008 — Safety of Machinery — Safety Distances to Prevent Hazard Zones Being Reached by
the Upper and Lower Limbs.

This standard provides information regarding the height of safety fences installed around hazardous robot
operating areas, the required minimum safety distances between personnel and the danger zone, and the di-
mensions of openings permitted in protective barriers — all designed to reduce risk by preventing unintended
access to dangerous areas.

Below is an illustration prepared with reference to the EN ISO 13857 standard:

h = : E

Figure 51: Access Over Protective Structures According to EN ISO 13857
(Laurent Giraud, Ph.D., 2009)
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Type B2 standards address topics such as two-hand control devices, interlocking
mechanisms, and the design of guards and protective enclosures. An example of a Type B2 stan-
dard is EN ISO 14120:2015 — Safety of Machinery — Guards — General Requirements for the De-
sign and Construction of Fixed and Movable Guards. This standard provides information on the de-
sign principles of protective guards installed to prevent access to hazardous areas where robots operate.
During a risk assessment, EN ISO 14120 is used as a reference to evaluate whether fixed guards, interlocked
movable guards, and other types of protective enclosures have been properly designed and implemented. In
the Figure below, examples of fixed guards (fixed safety fences surrounding a robot cell) and interlocked
movable guards (doors equipped with interlock switches that send an open-door signal and stop hazardous
movements inside the robot cell) can be seen.

Figure 52: Examples of Protective Guards Surrounding a Robot Cell (GT Engineering, 2021)

Type C standards are machine safety standards that address detailed safety requirements for a specific ma-
chine or group of machines.When these standards are being developed, the relevant technical committees also
include manufacturers and integrators from the industry. In these collaborative efforts, past fatal accidents and
near-miss reports related to the specific type of machinery are analyzed, and appropriate risk reduction measu-
res are proposed to prevent such incidents from recurring in the future.Upon examination, it can be observed
that Type C standards are typically written for machine types that are commonly used in industry.For example,
conveyors, hydraulic or mechanical presses, and injection molding machines are all frequently used in the ma-
nufacturing sector, and the existence of corresponding Type C standards ensures that these machines are desig-
ned and produced safely according to defined requirements. Type C standards often make references to Type
A and Type B standards, allowing the reader to avoid repeatedly consulting multiple documents.For instance,
when conducting a risk assessment on a robot cell, the assessor can refer directly to the EN ISO 10218 series
without needing to reexamine various B-type standards individually.An example of a Type C standard relevant
to this topic is EN ISO 10218-2:2011 — Robots and Robotic Devices — Safety Requirements for Industrial
Robots — Part 2: Robot Systems and Integration.For example, when performing a risk assessment on the robot
cell shown in the Figure below, the assessor does not need to revisit EN ISO 13849-1 to determine what Ca-
tegory and Performance Level (PL) must be achieved by the safety-related stop function triggered by a safety
laser scanner.This is because EN ISO 10218-2:2011 — Robots and Robotic Devices — Safety Requirements for
Industrial Robots — Part 2: Robot Systems and Integration already refers to EN ISO 13849-1 and specifies that
the safety-related parts of the control system must achieve Category 3, Performance Level d (PL d).
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Figure 53: Safety Laser Scanner Used at the Entrance of a Robot Cell

15.1.2 EN ISO 12100:2010 — Safety of Machinery — General Principles for Design — Risk Assessment
and Risk Reduction

When performing a risk assessment, EN ISO 12100 should be regarded as the primary reference source
— the essential guidebook for all activities related to machinery safety. Detailed information about this stan-
dard has already been provided in the previous sections. In addition to those details, a practical companion
document to EN ISO 12100 is the technical report ISO/TR 14121-2:2012, which serves as a practical guide
for risk assessment. This technical report, which should be considered indispensable for anyone performing
risk assessments, is defined on the official ISO website as follows:

ISO/TR 14121-2:2012 provides practical guidance on conducting risk assessments for machinery in ac-
cordance with ISO 12100 and describes a variety of methods and tools for each step of the process. It gives
examples of different measures that can be applied to reduce risks and is intended for use across a wide range
of machinery types, varying in both complexity and potential for harm. The intended users of this document
include those involved in the design, installation, or modification of machinery — such as design engineers,
technicians, and safety specialists. The most critical element in risk assessment is to communicate with the
individuals who are expected to use or may potentially interact with the robot cell, and to gain a thorough
understanding of their interactions and tasks involving the cell. When speaking with operators, it is essential
to ask what tasks they perform and what operations they carry out during a typical day working with the robot
cell. While the operator explains how they work with the robot cell, the person conducting the risk assessment
must listen carefully and take notes on any points in the workflow that may pose potential risks. Considering
human psychology, it is important to recognize that being questioned about one’s work by unfamiliar indivi-
duals can create discomfort or anxiety among machine users. Therefore, before speaking with the operators for
risk assessment purposes, the assessor must introduce themselves properly and clearly explain the purpose of
their presence. Machine users should trust that the information they provide will not be used against them or to
create problems for them. They should be convinced that the purpose of the risk assessment is to help ensure a
safer and more efficient system for their own benefit. Similarly, it is also necessary to speak with maintenance
personnel and those responsible for cleaning the production line about the points at which they interact with
the robot cell. Maintenance staff, due to deficiencies in machine or robot cell design, may sometimes need to
work under energized conditions. By asking maintenance operators what types of faults occur within the robot
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cell and how frequently they intervene, valuable information can be gathered regarding the risks they may
encounter. Although risk assessment is often regarded as a technically oriented task, it is also a process in whi-
ch communication skills play a major role. The more effective the communication established with machine
users, the more successful and accurate the outcome of the risk assessment will be.

15.1.3 EN ISO 13850:2015 — Safety of Machinery — Emergency Stop Equipment — Design
Principles

It is appropriate to begin with the definition of emergency stop as specified in this standard. Based on field
experience, it has often been observed that operators use emergency stop buttons to bring machines or robots
to a normal stop. To prevent such misuse, it is essential to clearly understand the exact meaning and purpose
of the emergency stop function.

Emergency Stop (E-Stop):

A function used to reduce or prevent hazards to people, or to mitigate damage to the machine or to the
ongoing process.

W

Sl SO

Emergency Stop

Figure 34: Emergency Stop and Protective Stop (Josep Plassa, 2025)

As is evident from the definition, this function must be used only in emergency situations. Machine manu-
facturers may design their systems to respond differently to emergency stop and normal stop commands.For
instance, in the context of industrial robots, examination of robot controller electrical circuit diagrams reveals
that two types of stop connections are typically provided. Generally, robots feature two types of terminals —
EMG input and FENCE input — and their stopping behavior varies depending on which terminal initiates the
stop signal.For example, when the emergency stop button connected to the EMG input is pressed, the robot’s
axes stop more rapidly in accordance with the manufacturer’s design. However, industrial robot manufacturers
design this rapid stop function with the assumption that it will not be used repeatedly as a routine stopping
method. Frequently stopping a robot via the emergency stop function is comparable to stopping a passenger
car solely by using the parking brake — it causes unnecessary mechanical stress and potential damage to the
system.During risk assessment, it must therefore be verified that a normal stop mechanism is available and
properly provided for operator use, ensuring that emergency stop buttons are reserved strictly for genuine
emergency conditions.
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Examples of emergency stop equipment include:

* Buttons that can be easily activated with the palm of the hand

Figure 55: Example of an Emergency Stop Button (Omron Electronics)

* Rope / Cable / Cord-Type Emergency Stop Devices

N

O a

Figure 56: Example of a Rope-Operated Emergency

* Emergency Stop Bars

Figure 57: Emergency Stop Bar
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The emergency stop buttons shown below are typically used in applications where an unintended machine
stop could result in significant production losses. However, the EN ISO 13850 standard advises against the use
of such buttons unless absolutely necessary.

An emergency stop button should be designed so that an operator in a state of panic can press it quickly
and easily with an open hand. The design shown below prevents easy hand access to the button, which may
cause a delay in activation during an actual emergency—potentially allowing the existing hazard to persist for
a longer period before the machine comes to a stop.

Figure 58: Emergency Stop Button with Protective Guard Figure 59: Emergency Stop Button with Recessed Surface

Figure 60: Example of a Recessed-Surface Emergency Stop Button

* The actuator of the emergency stop device shall be RED, and its background shall be YELLOW.

Figure 61: Emergency Stop Button
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When the emergency stop is released, the system must be manually reset. A separate reset button shall be
provided, and pressing this button must not initiate machine operation.

Figure 62: Example of Manual Reset

According to the EN 60204-1 — Safety of Machinery — Electrical Equipment of Machines — Part 1: General
Requirements standard, the color of the reset button should be selected from one of the following colors.

Recommended Reset Button Colors According to IEC/EN 60204-1

Grey White

Figure 63: Recommended Colors for Manual Reset Button

According to the EN ISO 13850 standard, the height of the emergency stop button from the floor should
be between 0.6 meters and 1.7 meters.

¢1,7m

¥Y0,6m

Figure 64: Recommended Mounting Height of Emergency Stop Device from Floor Level
(Erhan Eskicumali, 2021)

The individual performing the risk assessment should measure the height of the emergency stop buttons
located on the robot cell from the floor using a measuring device such as a meter stick. The reason for main-
taining the height of the emergency stop device within this specified range is to ensure that the operator can
easily and quickly reach the emergency stop button in the event of an emergency.
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Figure 65: Example of Verifying the Height of an Emergency Stop from the Floor

Another important point to consider when performing a risk assessment on robot cells is whether a suffi-
cient number of emergency stop devices are available. The EN ISO 10218 standard does not specify an
exact required number.

According to EN ISO 13850:2015 — Safety of Machinery — Emergency Stop Function — Principles for

Design, emergency stop devices should be installed in the following locations:

At all operator control stations

At the entry and exit points of the robot cell

At locations where intervention with the machine is required
At every area where human-machine interaction is expected

Therefore, it is essential to communicate with operators, maintenance personnel, and cleaning staff to

understand their interactions with the system. During the risk assessment, based on the information gathered
from these users and by referring to the above guidelines, an evaluation can be made regarding whether the
robot cell has a sufficient number of emergency stop devices.

If it is determined that the number of emergency stop devices is inadequate, it should be recommended—

within the context of risk reduction measures—that additional emergency stop devices be installed as descri-
bed above.

The emergency stop button must be positioned in a way that makes it easily identifiable. For instance, in
the example shown below, the emergency stop button located inside the robot cell is not easily visible due
to the surrounding welding curtain.

Figure 66: Incorrect Emergency Stop Button Application
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15.1.4 EN ISO 13857 — Safety Distances to Prevent Hazard Zones Being Reached by Upper and
Lower Limbs

» It is appropriate to begin with the definition of emergency stop. Field experience shows that operators
often use emergency stop buttons to perform normal stops of machines or robots. To avoid such misuse, it
is essential to clearly understand what an emergency stop truly means.

» This standard, however, is used to determine the appropriate safety distances required to keep hazardous
areas out of reach of upper limbs. The distances specified in the standard are based on conditions that con-
sider individuals attempting to reach hazardous areas without the aid of additional tools and under different
access situations defined within the standard.

glluil"!rt

l i
!HH]"'"'

Figure 67: Improper Safety Fence Design
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Figure 68: Access Over Protective Structures According to EN ISO 13857 (Laurent Giraud, Ph.D., 2009)
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For example, in the top-view diagram of the robot cell shown below, let us assume that the “safeguard
distance”—the distance between the safety fence and the maximum reach of the robot inside—is 350 mm.

Suppose that the technical team has reported that the robot’s furthest point, known as the “gripper” or “end
effector,” reaches a maximum height of 2000 mm during operation.

During the risk assessment, let us also assume that the assessor measured the height of the safety fence
with a measuring tape and found it to be 1800 mm.

Safety Fence

For controller (operator’s panel)

and
% [

mode select switch

Teach pendant

Safety gate

Figure 69: Example of Safety Distance Between a Robot Cell and Safety Fence (FANUC, Safety Manual)

Using all the information above, the suitability of the safety fence height from the floor can be verified by
referring to the table below.

o e g Tehlike alanina olan yatay mesafe C (mm)

gi a (mm)

2500 0 0 0 0 0 0 0 0 0
2400 100 100 100 100 100 100 100 100 0
2200 600 600 500 500 400 350 250 0 0
2000 1100 200 700 600 500 350 0 0 0
1800 TIOCr TOOO o 00 600 0 0 0 0
1600 1300 1000 900 900 500 0 0 0 0
1400 1300 1000 800 800 100 0 0 0 0
1200 1400 1000 S00 500 0] 0 0 0 0
1000 1400 1000 900 300 o} 0 0 0 0
800 1300 900 600 0 0 0 0 0 0
600 1200 500 0 0 0 0 0 0 0
400 1200 300 0 0 0 0 0 0 0
200 1100 200 0 0 0] 0 0 0 0
0 1100 200 0 0 0 0 0 0 0

Ayirici koruma tertibazlannin yiitksekligi b (mm)
1000 1200 1400 1600 1.500 2000 2200 2400 2500

Figure 70: EN ISO 13857 Table 1 (SICK, Safe Machinery Guide, 2015)

280 OCCUPATIONAL SAFETY APPROACH IN COLLABORATIVE INDUSTRIAL ROBOTS



Figure 71: Example Illustration of Openings According to EN ISO 13857 (Laurent Giraud, Ph.D., 2009)

According to the results derived from the table and the field data, the minimum required distance between
the safety fence and the robot’s operating area should be 600 mm. Therefore, the height of the safety fence
currently used for risk reduction does not comply with EN ISO 13857.1In this case, it is recommended either to
increase the height of the safety fence or to reposition the fence from 350 mm to 600 mm from the hazardous
zone.Additionally, the EN ISO 13857 standard provides recommendations regarding the dimensions of ope-
nings on safety fences or any guards designed to prevent access to hazardous areas.

For example, in the following application, let us assume that the distance from the safety fence to the ha-
zardous area where a finger-entrapment risk exists is 180 mm. This distance can be easily measured by the
person conducting the risk assessment using a standard measuring tape during the evaluation process.

Figure 72: Example of Access Through an Opening to a Hazardous Area
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In addition to the distance to the initial hazardous pinch point, the shape and size of the opening are also
crucial factors. As outlined in the table from EN ISO 13857 below, there are three main types of openings:
Slot, Square, and Round.In the illustration above, the opening is of the Square type, and if we assume that the
opening size is 25 mm, then the safety evaluation should be conducted according to the corresponding criteria
in the standard.

Viicut uzvu Agiklik e (mm) Emniyet mesafesi (mm)
Yank Kare Daire
I L) 2 z2 z2
Parmak ucu /
& 4<esé z10 z5 5
b ©f B<es8 z20 215 z5
. /
'@ 8<ex10 z80 225 220
El ayasina kadar
e 10<es12 2100 280 280
12<es20 2120 2120 2120
20<es30 B0 3120| 2120

30<es40 2850 2200 2120
Omuzeklemmel(aclal
40<es120 2850 2850 2850

Figure 73: EN ISO 13857 Opening Calculation Table (SICK, Safe Machinery Guide, 2015)

Since the existing safety distance is 180 mm, it meets the required conditions stated above.For fixed guards
such as safety fences that surround robot cells, the maximum permissible opening at the bottom of the fence
should be 180 mm.This limitation ensures that unauthorized or accidental access to hazardous areas beneath
the safety fence is effectively prevented.

Safety distance «sd» (mm)
Part of lower limb lllustration Opening (mm) Slot Square or
round
Toe tip e<5 0 0
b<e<15 =10 0
Toe
15<e< 35 = 80* =25
35<e<60 =180 =80
Foot
60<e <80 =650 = 180
Leg (toe tip to knee) B80<e<95 > 1100 = 650
95<e< 180 =1100 = 1100
Leg (toe tip to crotch)
not
180 < e < 240 admissible = 1100
Attention: Slot openings with “e” > 180 mm or
square or round openings with “&" > 240 mm
Mol ety allow access for the whole body.
These dimensions are not permitted.

Figure 74: EN ISO 13857 Bottom Opening Measurement Table (Laurent Giraud, Ph.D., 2009)
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15.1.5 EN ISO 13855:2010 — Safety of Machinery — The Positioning of Protective Equipment in
Relation to the Approach Speeds of Parts of the Human Body

During risk assessments in industrial robot cells, it is common to encounter electro-sensitive protective
equipment (ESPE) and pressure-sensitive protective devices.This international standard determines the ap-
propriate positioning of protective equipment based on the approach speed of parts of the human body.

It defines the variables derived from approach speed and provides a method for determining the minimum
safety distance between the sensing field or the activating device of protective equipment and the hazardous
area.

Running, jumping, or falling movements are excluded from the scope of this standard.Electro-sensitive
protective equipment (ESPE) refers to safety devices used in place of fixed or movable guards, particularly
in applications where frequent human interaction with the machinery is necessary to maintain production
efficiency.

Light curtains are a type of electro-sensitive protective device.They consist of a transmitter and a receiver
that emit and detect infrared beams across a defined area.If any of these beams are interrupted, the system
immediately sends a signal to halt machine operations, thereby ensuring operator safety.

Figure75: Example of Finger Figure 76: Example of Hand
Protection Light Curtain (Omron Protection Light Curtain (Omron
Electronics, F3SG-4R Product Image) Electronics, F3SG-4R Product Image)
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Figure 77: Robot Welding Cell with Hazardous Area Protected by a Light Curtain (Fabricating Metal Working, 2013)
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» Area scanners are also a type of electro-sensitive protective device (ESPE).They are protective safety
devices that detect the presence of people by scanning designated areas. When the emitted infrared laser beams
hit an obstacle (object or person) and are reflected back, they send a signal that causes the machine to stop.

Figure 78: Robot Welding Cell with Hazardous Area Protected by an Area Scanner (Fabricating Metal Working, 2013)
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Figure 79: Robot Welding Cell with Hazardous Area Protected by an Area Scanner (Dacelsolutions, 2019)

The EN ISO 13855 standard provides detailed information on the positioning of the above-mentioned
electro-sensitive protective equipment.During risk assessment, it should be verified that the lowest beam of
the light curtains—such as those shown in the Figure below—is positioned at a minimum height of 300 mm
above the floor.
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Figure 81: Example of an Improper Light Curtain Position (Erhan Eskicumali, 2021)

If the application is in an environment where there is a possibility of children being present, the height of
the lowest beam should be set to 200 mm instead of 300 mm.

If the lowest beams of the light curtains are higher than 300 mm, there is a risk that someone could crawl
under the light curtain and enter the hazardous area.Therefore, this issue must be carefully considered during
the risk assessment process.The same measurement also applies to area scanners, as shown below.

Figure 82: Properly Positioned Area Scanner at Correct Height from the Floor (Omron Electronics, 2020)
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Figure 83: Properly Positioned Area Scanner at Correct Height from the Floor

The accuracy of the safety distance between the light curtain and the robot’s hazardous motion can be ve-
rified by performing a machine stop time measurement. During the risk assessment process, it is essential to
request the machine stop time measurement from the manufacturer.

1. Hazardous point

3. Reference plane

S. Safety distance

Hra. Height of the highest beam
Hrb. Height of the lower beam

Figure 84: Safety Distance Between the Maximum Reachable Area of the Robot and the Light Curtain (REER Safety)

The basic principle of the machine stopping time measurement is to determine how many seconds it takes
for the robot’s hazardous movement to come to a complete stop once the electronic sensitive protective equ-
ipment (ESPE) is triggered.Based on this measured value, the safety distance is calculated using the formula
given below.
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ISO 13855 Emniyet Mesafesi Hesaplama
+ S=Kx(t1+t2)+C

- K =Iinsan viicudu veya viicudunun kisimlarinin 6n gériilen yaklasim hizi

- Eger emniyet mesafesi < 500mm ise ,K=2000mm/s (upper limb)

« Eger emniyet mesafesi > 500mm ise ,K=1600mm/s (yuriime hizi)
= T=Toplam Durus Suresi (t1+1t2)

» 11 : Koruyucu tertibatin tepki siiresi

= {2 : Makinenin durus siiresi ( ataleti ile donmeye devam eden kisimlar)
+ C = ihlal mesafesi (6rn. viicudun bazi kisimlar 1sik perdesini ihlal etmeden

hareket edebilir)

= Crt: Tehlikeli bélgeye direkt ulasildigindaki ihlal mesafesi

Figure 85: Safety Distance Calculation Formula According to EN ISO 13855

In this context, the additional distance in the measurement, represented by the variable C, varies depending
on the resolution of the light curtain when calculating the safety distance for such a device.As shown below,
light curtains are available in finger protection and hand protection models.

Resolution of the Safety Device *Crt=8x(d-14)

Resolution

d=14mm d =40 mm . Crt=8x[14-—14-)
Additional d/stance {penetration d¢pth factor):

C=0mm C=128 mm C =208 mm

With d > 40 mm calculate ull arm length C = 850 mm .

Crt=0 mm

« Crt=8x(30-14)

* Cri=128 mm

B\ -‘ll -“"‘"l-

Figure 86: Calculation of the Additional Distance Parameter According to the Resolution of the Light Curtain (HHB, 2014)

Although the machine’s stopping time can be theoretically estimated, it must be measured by calibrated
equipment and verified by specialized organizations to ensure the correct positioning of the electro-sensitive
protective devices.During a risk assessment, the existence of this measurement and verification report must
always be confirmed.

15.1.6 EN 60204-1:2006 — Safety of Machinery — Electrical Equipment of Machines — Part 1: General
Requirements

One of the critical topics to be considered during a risk assessment for any machine or robotic cell is elect-
rical safety. The first question to ask is whether the robotic cell has an electrical safety test report in compliance
with the LVD — Low Voltage Directive.These tests, which include earth continuity, high voltage (dielectric
strength), and insulation resistance, ensure that operators can use robotic cells without electrical safety hazar-
ds.

When performing a risk assessment, you can open the electrical panel and verify the following points
required by EN 60204-1:

According to IEC/EN 60204-1, conductors should be identified by color, number, alphanumeric code, or
a combination of these.
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The recommended wire color codes are as follows:

= | AC/DC power circuits
——— | AC control circuits
mm | DC control circuits
—

o & # | Protective Earth -
—

Figure 87: Recommended Cable Colors According to EN 60204-1

The main switch used to disconnect the machine’s power supply should be mounted in an easily accessible
location. The recommended installation height is between 60 cm and 170 cm above the floor.

Figure 88: Main Switch

1. Basamak
Derece Sembol Koruma Aciklama
Kullaniainin tehlikeli bolgelere
0 ’ Korumasiz. ulasmasini ve yabana kati cisimlerin
cihazin icine girisini engeller.
1 @ Capt 2 50 mm olan kat Capt 50 mm‘den buyuk cisimler
cisimlere karsi koruma. cihazin icine temas edemez.
2 CoF Capi =2 12,5 mm olan kati Capt 12,5 mm’den buyuk cisimler
s cisimlere kars1 koruma. cihazin igine temas edemez.
3 J . Capr 2 2,5 mm olan kati Capi 2,5 mm’'den buyuk cisimler
- ’ [ cisimlere karsi koruma. cihazin icine temas edemez.
a [ Capi 2 1 mm olan kati Capi 1 mm’den buyuk cisimler
— ’ p cisimlere karsi koruma. cihazin icine temas edemez.
Toz girisi tamamen engellenemez
5 ’ ? T bt Sl fakat koruma derecesi tozun Grine
¥ 3 : zarar vermesini engelleyecek
kadardir.
6 t " Toz gecirmez. Toz ginsi kesinlikle yok.

Figure 89: IP Protection Classes (Source: KAREL)
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15.1.7 EN ISO 14120:2015 — Safety of Machinery — Guards — General Requirements for the Design
and Construction of Fixed and Movable Guards

This international standard specifies the general requirements for the selection, construction, and design of
guards provided to protect persons from mechanical hazards.

To minimize access to hazardous areas, machines should be designed so that operations such as lubricati-
on, adjustment, and maintenance can be performed without removing or opening the guards.When this is not
possible, access should be permitted for the following purposes:

* Loading and unloading

* Tool changing and adjustment
* Lubrication

* Maintenance and repair

* C(Cleaning, etc.

Figure 90: Maintenance Operation Image

Terms and Definitions:

* Fixed Guard: A guard that is fastened (e.g., by screws, welding, etc.) and can only be opened or removed
using tools or by destruction.

* Tool: An instrument used to tighten or loosen a fastening element (a coin or nail file is not considered a
proper tool).

e Use of Tools: An action taken under specific conditions by a person knowledgeable about safe working
procedures.
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Figure 91: Examples of Tools Mentioned in EN ISO 14120 (Erhan Eskicumali, 2021)

It is important to be familiar with these definitions in EN ISO 14120 when conducting risk assessments
for robot cells. The definition of a fixed guard refers specifically to a guard that can only be removed using a
particular tool.

In a robot cell where guards are fastened using butterfly-type clamps as shown above, such guards can
be easily opened by anyone in the area and therefore cannot be considered fixed guards. If, during the risk
assessment, a guard that was designed as a fixed guard is found to be easily removable without the use of any
tools, this indicates a risk of easy access to the hazardous area. In such cases, it should be recommended as a
risk reduction measure that these fixed guards be brought into compliance with EN ISO 14120.
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Fixed Guard: The safety fences permanently installed around robot cells fall under this type of guarding.

Figure 92: Fixed Guard Mentioned in EN ISO 14120 (Laurent Giraud, Ph.D., 2003)

Interlocked Movable Guards:

Interlocked guards, available in both locking and non-locking types, are used to send a stop signal for
hazardous movements when access inside the cell is required for tasks such as maintenance, cleaning, adjust-
ment, or teaching.

Figure 93: Interlocked Movable Guard Mentioned in EN ISO 14120 (SICK, 2018)

The interlocking devices installed on movable guards are available in various models, including magnetic,
mechanical, and locking types.
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Figure 93: Interlocking Devices (SICK, 2022)

The EN ISO 14120 standard includes a guard selection diagram that helps determine the appropriate type
of guard based on the information obtained from the specific application.
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Figure 94: Guard Selection Flow Diagram Specified in EN ISO 14120 (Erhan Eskicumali, 2021)

Colors of Guards:

» To draw attention to hazards, the dangerous parts of a machine may be painted in brighter colors. For
example, if both the guard and the machine are the same color, the hazardous parts should be painted in a
contrasting bright color.

» Care must be taken when choosing color combinations. For example, yellow and red are normally reser-
ved for emergency stop functions.

* In areas where the process must be visually monitored, guards should not be painted in bright colors.
For instance, yellow may interfere with the visibility of the process itself.
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15.1.8 EN ISO 13849-1:2015 — Safety of Machinery — Safety-Related Parts of Control Systems

This standard, which covers the safety-related parts of control systems, is frequently used during risk
assessments of robot cells.

The EN ISO 10218 standard specifies that the safety-related parts of control systems must meet the Cate-
gory 3, Performance Level d (PL d) requirement according to EN ISO 13849-1.

In a robot cell, the following safety functions are commonly used as risk reduction measures:
* Emergency stop safety function
+ Safety-related stop initiated by a light curtain
» Safety-related stop initiated by an area scanner
» Safety-related stop initiated by an interlocking device

During the risk assessment, in order to verify whether these safety functions meet Category 3 PL d ac-
cording to EN ISO 13849-1, the electrical circuit diagrams (and if applicable, pneumatic and hydraulic
schematics) must be accessible. If the person conducting the risk assessment is not able to interpret electrical
circuit diagrams, they should seek assistance from a technical expert familiar with EN ISO 13849-1 to cor-
rectly evaluate the system. Robot integrators, when manufacturing cells, are obligated under the Machinery
Safety Directive 2006/42/EC to demonstrate that their implemented safety functions meet Category 3 PL
d requirements according to EN ISO 13849-1. Therefore, during a risk assessment, the presence of an EN
ISO 13849-1 Compliance Report should be verified while examining the safety-related parts of the control
systems. The SISTEMA software, which is publicly available and free of charge, allows the creation of an
EN ISO 13849-1 Compliance Report and includes extensive product libraries from various manufacturers.
Examples of safety architectures that ensure the robot is stopped at Category 3 PL d level for the above-men-
tioned safety functions are as follows:

* Emergency Stop Safety Function:

EN ISO 13849-1 Kategori 3 PLd
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Figure 95: Emergency Stop Function at Category 3 PL d Level According
to EN ISO 13849-1 (Erhan Eskicumali, 2025)
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In the emergency stop safety architecture shown above, a dual NC contact emergency stop button is con-
nected to the safety controller through an architecture that detects short circuits and open circuits between the
contacts by means of test pulse signals supplied by the safety controller. Through two contactors monitored by
the safety controller, the emergency stop signals of the robot controller are interrupted. Additionally, as requ-
ired by the Category 3 PL d architecture described on previous pages, a feedback signal is received from the
output contactors back to the safety controller.The architecture illustrated above is one that will commonly be
encountered during risk assessments of robot cells. To verify whether the emergency stop safety architecture
meets Category 3 PL d, it is essential to review and interpret the electrical circuit diagram.One of the most
frequent mistakes made during risk assessments is assuming that the safety functions meet Category 3 PL d
simply because a safety relay or controller is observed inside the electrical panel — without actually reading
the electrical diagram.For example, a common error made by robot integrators is using a single contactor to
interrupt the signal to the robot controller instead of two, as required by the Category 3 architecture (labeled
O1 and O2 in the diagram above).Using only a single contactor reduces the safety architecture from Category
3 to Category 1.

* Safety-related stop initiated by an interlocking device:

EN ISO 13849-1 Kategori 3 PLd
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Figure 96: Safety-Related Stop Function Initiated by an Interlocking Device
at Category 3 PL d Level According to EN ISO 13849-1 (Erhan Eskicumali, 2025)

In the risk assessment, as with the emergency stop safety function, the important point is to verify whether
the entire safety architecture of the safety-related stop function initiated by the interlocking device meets the
Category 3 PL d requirement.Similarly, during this verification, the electrical circuit diagram must be careful-
ly examined. If the door to which the interlocking device is connected provides access to an area containing
pneumatically operated moving components, and if the air in these components is to be safely exhausted when
the door is opened, then the pneumatic circuit diagram should be reviewed alongside the electrical one.Below
is an example of a minimum Category 3 PL d architecture for safe air exhaust.Safe air exhaust is not only
relevant to the safety-related stop function initiated by the interlocking device but also applies to emergency
stop and light curtain-initiated stop safety functions.Pneumatic risks should never be overlooked during a risk
assessment.
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Figure 97: Safe Air Exhaust Safety Function Initiated by an Interlocking Device at
Category 3 PL d Level According to EN ISO 13849-1 (Erhan Eskicumali, 2025)

* Safety-related stop initiated by a light curtain or area scanner:

EN I1SO 13849-1 Kategori 3 PLd
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Figure 98: Safety-Related Stop Function Initiated by a Light Curtain at
Category 3 PL d Level According to EN ISO 13849-1 (Erhan Eskicumali, 2025)

Light curtains and area scanners, as types of electro-sensitive protective equipment, must also be veri-
fied—through examination of the electronic circuit diagram—to ensure that their associated safety functions
meet the Category 3 PL d requirement in accordance with EN ISO 13849-1.
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Figure 99: Safety-Related Stop Function Initiated by a Safety Area Scanner at
Category 3 PL d Level According to EN ISO 13849-1 (Erhan Eskicumali, 2025)

15.1.9 EN ISO 14118:2018 — Safety of Machinery — Prevention of Unexpected Start-Up
EN ISO 1037:1995+A1:2008 — Safety of Machinery — Prevention of Unexpected Start-Up

This international standard specifies the requirements necessary to prevent unexpected machine start-
up, particularly in situations where people need to intervene within hazardous areas.

Examples of tasks that require the presence of a person within a hazardous area include:
Inspection

Corrective actions (e.g., clearing blockages)

Adjustment

Manual loading / unloading

Tool changing

Lubrication

Cleaning

Decommissioning

Maintenance / repair

Observation and testing

Figure 100: Maintenance Illustration
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« This international standard covers unexpected start-ups that may occur due to any type of energy source.
» Power sources: for example, electrical, pneumatic, hydraulic

»  Stored energy: for example, gravity, compressed spring

Figure 101: Energy Sources Specified in EN ISO 14118

Isolation Devices:
» Isolation devices must ensure reliable disconnection and separation from the energy source.
» The position of the isolation device must be clearly indicated and leave no room for ambiguity.

e The locations and number of isolation devices should be determined based on the risk assessment,
— for example, considering hazardous areas where personnel are present and the type of work being
performed (maintenance, cleaning, etc.).

* During isolation of the machine, power supply to specific circuits should continue when necessary,
— for example, for operator safety, maintaining protective information systems, light sources, or continuous
warning signals.

» Isolation devices must be designed so that they can be locked in place.

Figure 102: Lockable Type Isolation Devices
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15.1.10 EN ISO 10218-2:2011 — Robots and Robotic Devices — Safety Requirements for Industrial
Robots — Part 2: Robot Systems and Integration

The EN ISO 10218-2 standard makes reference to many of the harmonized standards explained in the
preceding sections. Examples related to these referenced standards have been provided earlier to facilitate a
clearer understanding of their application. In addition, this section outlines risk reduction methods used to
prevent the risk of personnel being trapped inside a robotic cell.

* Pre-Reset Application:

The pre-reset function is frequently used in robot cells where there is a possibility of personnel remaining
inside the hazardous area. Its operating principle is as follows:

If access to the hazardous zone is gained either through an interlocked gate (which stops the robot when
opened) or by violating an electro-sensitive protective device (as shown in the Figure below), the operator
must first press a pre-reset button located inside the hazardous area. After leaving the area, the operator can
then issue a start command to the robot. This procedure ensures that the operator, before restarting the robot,
checks the interior of the cell and verifies that no one remains inside.

Figure 103: Pre-Reset Safety Function (Omron Electronics, 2014)

e Use of LOTO/EKED-Compatible Interlocking Devices:

One of the most effective solutions to prevent the risk of personnel remaining inside the robotic cell is the
use of LOTO/EKED-compatible interlocking devices.When maintenance, cleaning, adjustment, or teaching
tasks require entry into the cell, the responsible operator applies their personal padlock to the interlock device
before entering, thereby preventing the door from being closed while they are inside.During the risk assess-
ment, it is essential to verify whether the interlocking devices installed on access doors are compatible with
LOTO/EKED procedures.

ol S

Figure 104: LOTO/EKED-Compatible Locking-Type Interlocking Device (Schmersal, 2025)
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Figure 105: LOTO/EKED-Compatible Locking-Type Interlocking Device (Schmersal, 2025)

* Mechanical Trapped Key System:
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Figure 106: Mechanical Trapped Key System Application
Operating Principle:
+ Isolate the power to the machine and remove the key from position A.
* Release the key from B and insert it from A to B.
* The door can now be opened.

» The key removed from B can be kept as a safety key or inserted into C to allow the machine to operate in
safe mode.

» To restart the machine, reverse the procedure.
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16. CONCLUSION AND RECOMMENDATION

The risk analysis process is designed to protect workers who operate industrial machinery. In the context
of robotics, it is applied to ensure the safety of users within robotic cells while performing operations invol-
ving robots and their accessories. Risk analyses are implemented both to standardize robot integration and
to ensure that a defined level of safety has been achieved within the robotic cell. However, the risk analysis
process must also be carried out in accordance with the laws and regulations applicable to the locations where
the cell is integrated. Even though robot and robotic device manufacturers establish safety requirements for
their equipment — such as Performance Level d (PL = d), Category 3 — there may still be critical aspects
that need to be addressed during the risk analysis process, taking into account the specific application and en-
vironment in which the robot operates. Because direct or close interaction between humans and robots occurs
in collaborative applications, such applications must be approached with the utmost seriousness and careful
risk management.

During risk assessments, it must be recognized that dynamic collisions between humans and robots can
have various adverse effects on the human body. For example, even if the impact velocity is not high, a sud-
den rotation of the head caused by a collision can be extremely harmful to the skull and brain. Although ISO/
TS 15066 specifies impact threshold values for the head, it does not extensively address the potential brain
injuries that could result. A study conducted for NATO indicated that life-threatening damage to the head and
neck may occur before any detectable brain damage is sustained; however, other sources have not confirmed
this finding, and some have even suggested the opposite.

Due to the ethical challenges associated with obtaining scientific data on forces that cause various bodily
injuries, many of the available data sources are based on studies conducted using young, physically fit indi-
viduals, cadavers, or computer models. The resulting data are inconsistent and patchy, and their applicability
across different age groups and body characteristics is limited. Research has shown that the elasticity of bones
and soft tissues decreases significantly with age — for example, a 20% reduction in flexibility between the
ages of 20 and 80 is possible — and this decline can vary greatly between individuals. Because of this lack of
reliable data, the values presented in ISO/TS 15066 may appear somewhat conservative; however, the scienti-
fic validity and origin of the data used in the draft should ideally be verified with the ISO developers.

In ISO/TS 15066, the reference data for use in risk analyses are limited to specific body regions — namely
the head (including the neck), chest, abdomen, hip, pelvis, upper arm, elbow, hand and fingers, knee, foot, and
leg. Other body regions fall outside the defined scope, and scenarios for all body parts in the event of contact
have not been comprehensively studied.

In the first draft of ISO/TS 15066, it was not clearly stated that the primary goal was to avoid collision and
maintain a safe distance between humans and robots, nor was it clearly specified that the force thresholds in
ISO/TS 15066 would apply only when the systems designed to maintain a safe distance fail. This omission
was corrected in the final draft, and the clarification is crucial. The inability to maintain a safe distance signifi-
cantly influences both the level of risk faced by human collaborators working with cobots and the determinati-
on of acceptable injury criteria. Whether people are adequately protected depends largely on the likelihood of
collision and the forces involved. Therefore, in terms of safety management for collaborative robot systems,
the failure modes and failure rates of the mechanisms protecting operators from collisions are of critical im-
portance, and the frequency of potential collisions must not be overlooked in safety calculations. The draft
also does not provide limits for all body regions, nor does it include comprehensive scenarios detailing what
happens in the event of contact across all body parts. Furthermore, while ISO/TS 15066 recommends the use
of various personal protective equipment (PPE) to minimize the impact of potential collisions in collaborative
environments, it does not offer detailed information on how such protective gear would behave under force
exposure — that is, how the force transmitted through the PPE would ultimately affect the operator during
contact, collision, or entrapment.
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When potential risk information has been accurately identified in advance, reliable risk analyses can
be conducted using established methods such as Failure Mode and Effects Analysis (FMEA) and Fault
Tree Analysis (FTA). However, when designing a new collaborative workspace where there is insufficient
preliminary knowledge about potential risks, these two methods may not yield successful results, as they do
not inherently account for the specific tasks to be performed. In such cases, Job Safety Analysis (JSA) — also
referred to as Occupational Safety Analysis — becomes a more suitable approach for risk assessment. The
primary objective of JSA is to analyze sub-tasks in terms of potential hazards and to propose methods or pro-
cedures that can either reduce or eliminate the effects of those hazards.

All types of industrial machinery, including robots, and their use within a production facility must comply
with applicable safety standards. While all robots and industrial machines pose certain risks during operation,
collaborative robots introduce additional unique risks due to their direct interaction with humans. Therefore,
the risk assessment methods employed must be capable of meeting the requirements specified in the relevant
standards. Effectors, power sources, or external energy connections must comply with the information provi-
ded in the General Machinery Safety Standard SS-ISO 12100:2010, which defines the concepts and principles
to be applied during the risk assessment process. The safety design of industrial robots must be carried out in
accordance with the recommendations stated in SS-ISO 10218-1:2011, which provides guidance to manufac-
turers regarding the necessary safety measures for robots and for integrated systems in which multiple robots
operate together. The newly published ISO/TS 15066 standard specifically addresses Collaborative Robots
(Cobots), defining not only their safety requirements but also what needs to be done to ensure the safety of the
shared workspace where operators and collaborative robots interact.

A comprehensive literature review on existing safety analysis research in the field of robotics revealed that
none of the studies identified the operator as a proactive factor. In general, little attention has been given to
safety violations caused by human activities and human-robot interactions. Moreover, there is currently no
alignment between international standards and the broader robotics community on this issue. In collaborative
work environments, two key concepts define operator behavior: cognitive models and task analytic models.
In addition to these, it is necessary to identify the principles that lead to cognitively plausible human beha-
viors — such as repetition, sequence errors, and unauthorized access — and to establish cognitive templates
derived from cognitive psychology to represent such behaviors. Because cognitive templates do not account
for reasonable errors arising from human creativity, it is essential to maintain control over the preconditions
and postconditions during monitoring of robot movement.

A common theme emerging from robot-related accident investigations is that, although individuals are
aware they are within the robot’s operating area and conscious of the robot’s movements, they are often
surprised by the position of the moving robot part at the moment of collision. This is very important in that
it highlights the predictability of humans failing to remain within a defined safe three-dimensional zone — a
factor that must be incorporated into risk assessments. Such a factor will significantly influence the selection
of acceptable injury levels for human—robot collisions, since it is foreseeable that humans will make mistakes
while collaborating with robots, and thus variable and unreliable human behaviors must be clearly understood
and addressed. Machine designers must, during the design phase, assume that operator movements will not
always be safe when working alongside robots, and therefore must account for protective barriers, all types
of risk-reducing safety measures, and their potential performance, in accordance with the collision and injury
criteria outlined in ISO/TS 15066. When a collaborative robot protection system is disabled or bypassed, the
resulting hazardous situation may vary in severity — from difficult to mitigate to easily recoverable — and
thus each scenario must be examined in detail.

The question of whether human behavior and performance will pose more or fewer issues in collaborative
robot systems compared to conventional machinery must be evaluated on a process-by-process basis. Recent
studies indicate that human—robot interactions may introduce additional complications, and until these details
are fully resolved, robots may not yet be suitable for certain industrial applications. While humans rely on
habitual expectations and reflexive avoidance behaviors during potential collisions with robots, it is equally
important to consider the possible failure scenarios that may arise when these reflexes or assumptions fail.
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Although ISO/TS 15066 continues to evolve, it explicitly acknowledges that no existing instrumentation
can yet perform all the tests described within it. In the automotive industry, injury criteria and biofidelic test
mannequins have been developed to assess injury risks in collision scenarios; however, the testing instru-
mentation required for evaluating robot collisions appears to be somewhat simpler, as automotive collision
scenarios involve more complex variables — such as seating configurations, occupant positioning, and impact
geometry. Additionally, if personal protective equipment (PPE) is used during such collisions, it is necessary
to investigate the extent to which the robot’s impact force is transmitted through the PPE to the operator, and
to determine the PPE’s capacity to absorb or mitigate collision forces.

To achieve more reliable and comprehensive results in future risk analyses, it is considered beneficial to
include the following aspects in future revisions of the ISO/TS 15066 standard:

* Inclusion — or explicit reference — of a list of studies and data sources used to establish the force limit
values and the overall approach presented in the draft ISO document. This would clarify which materials
and research were used to develop the current version and indicate what new scientific findings should be
considered during future revisions of the standard.

* Incorporation of information regarding typical human movement speeds within the workspace, which
would help demonstrate how the nature of impact forces changes when a robot collides with a moving
human.

* Inclusion of the frequency of potential collisions and resulting injuries between humans and robots as part
of the collision criteria, rather than focusing solely on injury severity.

» Utilization of a graphical flowchart as a roadmap to guide the risk assessment process, making it more
intuitive and consistent across different users.

* Consideration of psychological factors when defining acceptable collision criteria — for example, asses-
sing how the psychological effects of a collision experience may influence an operator’s confidence and
performance when working with collaborative robots.

» Evaluation of how the angle of contact between a robot surface and a human body part can alter the nature
of the injury for a given collision force. For instance, a force that might be acceptable when applied at an
angle to the skin surface could cause significant damage when applied perpendicularly. This factor is not
explicitly addressed within the current ISO/TS 15066 draft and is only briefly mentioned.

* Quantification and characterization of the additional forces that human motion may contribute in human—
robot collision scenarios, as well as a formal assessment of how personal protective equipment (PPE)
affects such interactions — including its capacity to absorb or transmit impact forces to the operator.

» Greater attention should be given to the potential movement of the human operator toward the robot, as
this motion could combine with the robot’s speed to amplify collision forces to levels that cause greater
injury. Determining the additional forces that human motion may contribute in a collision was beyond the
scope of the original study; however, if the purpose of force thresholds is to limit injuries to acceptable
levels, then human motion dynamics must be carefully examined in future research and standardization ef-
forts. Human motion relative to the robot is somewhat predictable, but the variability in human movement
and associated speeds make risk assessment significantly more complex. It is also unclear whether the for-
ce values given in the ISO/TS 15066 draft allow for any conditions related to human motion. Traditional
machinery safety standards already ensure safe distances in hazardous zones by taking human approach
speeds into account.

+ Since many of the studies referenced in the standards have been conducted on young adult male subjects or
cadavers, the results must be applied to a wider population despite being based on limited sample sizes and
demographics. This generalization should be explicitly acknowledged and addressed in future revisions.

* The ISO/TS 15066 draft provides no confirmation that it considers forces leading to trauma in joints such
as the neck, shoulders, or knees, which could cause long-term health complications. Such injuries occur
during impacts exceeding the maximum tolerable limits specified in the draft, as the document explicitly
states that injuries exceeding the ICD-10-2006 surface injury codes represent intolerable severity.
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* The ISO/TS 15066 draft defines the maximum acceptable injury level as Category 1 according to the
Abbreviated Injury Scale (AIS). However, AIS Category 1 is not an entirely appropriate criterion for col-
laborative robot safety, since even a single rib fracture falls under this category as a minor injury. There-
fore, this classification requires additional caution and caveats when applied to collaborative robot safety
evaluations.

» Evidence obtained from accident investigations indicates that fatalities resulting from human-robot col-
lisions are sometimes caused by asphyxiation due to entrapment. The current standard does not provide
data on force limits that may lead to suffocation — for instance, from pressure on the neck or chest. It is
therefore necessary to verify whether such data exist or to confirm through new research that the tensile
and compressive force limits specified in ISO/TS 15066 are adequate.

Since the proposed collision measurement systems do not account for many of the above factors, it would
be appropriate to engage in further consultation with the ISO/TS 15066 draft developers, obtain their views,
and validate the supporting data and information.

17. INNOVATIONS OF 2025: ANEW ERA IN ROBOTIC SAFETY STANDARDS

17.1. Removal of the Term “Collaborative Robot” and the Introduction of the Concept of “Collabo-
rative Application”

Over the past decade, the term “collaborative robot” (commonly referred to as a “cobot”) has become
widely used in the world of automation. This expression was originally employed to describe a new class of
robots capable of working safely alongside humans—robots that went beyond the operational boundaries of
conventional industrial robots. However, with the publication of the 2025 edition of the ISO 10218 standard,
this concept has undergone a significant transformation. The term “collaborative robot” has now been comp-
letely removed from the standards. In its place, the term “collaborative application” is now used. Although this
may appear to be a simple change in terminology, it actually reflects a maturation in the conceptual understan-
ding of safe human—robot interaction. Labeling a robot as “collaborative” does not inherently guarantee that
it will operate safely under all conditions. The standards committees sought to eliminate the long-standing
conceptual ambiguity surrounding this issue. When collaborative robots were first introduced in Turkey, it
was common among field integrators to describe them as “robots freed from safety fences.” This popular but
misleading notion exemplifies the misinterpretations that prompted the revision of the terminology. The 2025
revision thus represents not only a linguistic update but also a shift in safety philosophy—from viewing col-
laboration as a property of the robot itself to defining it as a function of the entire application context, where
safety depends on system design, risk assessment, and operational parameters.

Why Was the Definition of “Collaborative Robot” Removed?
The primary reasons for this change are clarity and safety.

Over time, the term “collaborative robot” evolved into a marketing-oriented expression, gradually crea-
ting a misleading perception of safety among users. Many practitioners began to equate this term exclusively
with robots equipped with Power and Force Limiting (PFL) technology. However, the mere presence of such
a feature does not inherently guarantee that a robot is safe under all conditions. A robot’s technical capability
to limit power and force does not, on its own, ensure safe human interaction within the working environment.
To illustrate this point, consider a scenario in which a PFL-enabled robot—that is, one with built-in power
and force limitation carries out an operation using a tool equipped with a sharp blade. If such a tool were to
come into contact with an operator, the interaction would clearly not qualify as a collaborative application,
regardless of the robot’s built-in safety features. This example demonstrates that safety cannot be attributed
to the robot in isolation. Instead, it must be assessed in relation to the entire application, including the end
effector, the workpiece, and the operational environment. The shift from “collaborative robot” to “collabora-
tive application” therefore embodies a more comprehensive and accurate understanding of functional safety,
emphasizing system-level evaluation rather than hardware labeling.
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Figure 102: A Non-Collaborative Application

In reality, by its very nature, there is no distinct category of robot that can be inherently defined as a “col-
laborative robot.”

Instead, collaboration emerges as a result of specific technological functions and system-level design cho-
ices that enable safe interaction between humans and robots. Among these technologies are:

* Hand Guiding — manual guidance of the robot by an operator,

» Speed and Separation Monitoring (SSM) — maintaining a safe distance through real-time monitoring of
human and robot positions,

* Power and Force Limiting (PFL) — controlling contact forces and kinetic energy during interaction.

However, these features do not independently guarantee safety. They provide safe interaction only when
integrated within a properly designed application, supported by comprehensive risk assessment, validated
control measures, and appropriate system configuration.

Thus, the collaborative nature of a system is defined not by the robot itself, but by the context, configura-
tion, and conditions of its deployment.

The Collaborative Entity Is No Longer the Robot, but the Application

The new ISO 10218:2025 approach clearly establishes that collaboration is not a characteristic of the robot
itself, but of the application in which it operates.

In other words, it is no longer the robot that is collaborative — it is the application.

A robot, by itself, cannot be considered collaborative. It becomes collaborative only when integrated with-
in a system that includes appropriate safety mechanisms, sensors, task definitions, and risk assessments. It is
this complete application environment—not the robot alone—that determines whether human-robot interac-
tion can safely occur.

This approach provides a clearer delineation of both responsibility and safety scope.
An application is recognized as collaborative only when it has been designed and validated with the necessary
safety functions, risk assessments, and protective measures in place.

Implications for the Industry

This change in terminology represents far more than a linguistic adjustment; it signifies a redefinition of
responsibility and safety philosophy within the robotics sector.

A robot manufacturer can no longer market a product as a “collaborative robot.” Instead, manufacturers
must specify which collaborative features their products provide—such as sensors, power- and force-limiting
technologies, or speed and separation monitoring—and describe how these features are intended to be used
within a safe collaborative application.

For users and system integrators, this revision reinforces a critical message: Purchasing a specific type of
robot alone does not ensure safety. What truly matters is the holistic safety design of the entire application,
encompassing the robot, tooling, workspace, and human interaction.
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Consequently, the term “collaborative robot” has now disappeared from the stage of industrial robotics.
In its place, the concept of the “collaborative application” has emerged—emphasizing that safe human—robot
interaction can only be achieved through sound design principles, rigorous risk management, and disciplined
engineering processes.

This evolution marks a mature phase in the understanding of robotic safety, and it stands as one of the most
significant changes introduced in the 2025 revision of the ISO 10218 series of robotic safety standards.

Integration of ISO/TS 15066 into ISO 10218-2:2025

Published in 2016, ISO/TS 15066 represented a major milestone in the field of collaborative robotics. This
technical specification defined the limit values, operating modes, and design principles necessary for ensuring
safe human-robot interaction.

For many years, ISO/TS 15066 served as a complementary reference to ISO 10218-1 and ISO 10218-2,
providing essential guidance for implementing collaborative systems. However, it remained a non-binding
technical guide rather than a fully enforceable international standard.

A New Era with the 2025 Revision

With the comprehensive revision completed in 2025, the content of ISO/TS 15066 has been formally inte-
grated into ISO 10218-2:2025.

This change ensures that the requirements related to collaborative robotics are no longer contained in a
separate supporting document, but are instead included directly within the main body of the standard itself.

As a result, the revised ISO 10218-2:2025 now covers not only the system integration requirements for
robot installations but also the safety requirements for collaborative applications.

Through this integration, users of the standard—whether system integrators or manufacturers—can now
access all relevant safety requirements within a single comprehensive document, eliminating the need to
cross-reference multiple publications.

This consolidation marks a significant step forward in simplifying the application of safety standards, pro-
moting consistency, clarity, and accessibility in the global implementation of collaborative robotic systems.

Significance of This Change
This structural integration achieves two major objectives:
1. Consistency and Accessibility

The requirements concerning collaborative applications are now fully incorporated within the ISO 10218
series. This integration enables users to examine all relevant requirements through a single reference do-
cument, eliminating the need to consult multiple publications or cross-check between separate technical
specifications.

2. Maturation of the Collaborative Approach

The discontinuation of ISO/TS 15066 as an independent technical specification signifies that collaborative
applications have evolved into an integral component of robotic systems. Consequently, the concept of the
“collaborative application” is no longer treated as a distinct or exceptional category, but rather as a design
approach that can be implemented within any robotic system when appropriate safety conditions are met.

The Future of ISO/TS 15066 and the Work of WGS8

The integration of ISO/TS 15066 into ISO 10218-2:2025 has effectively brought the safety requirements
for collaborative applications under the umbrella of the main standard. However, this process does not signify
the end of development in this area.

Efforts are continuing within the ISO/TC 299 Robotics Committee to transform ISO/TS 15066 into a stan-
dalone international standard, better aligned with current field practices and the evolving realities of industrial
automation.
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Within this framework, a dedicated working group—WGS8 (Working Group 8)—has been established
under the title:

“Biomechanical Data and Validation Methods for Physical Human—Robot Interactions.”

The objective of this group is to redefine the biomechanical threshold values relevant to human—robot
physical contact, to develop advanced experimental validation methods, and to establish more precise, scien-
tifically grounded safety criteria for future collaborative applications.

This initiative reflects an ongoing global effort to ensure that the foundations of robotic safety remain evi-
dence-based, measurable, and verifiable, aligning practical implementation with human-centered design and
scientific rigor.

National Participation and International Representation

An expert from the MTC 205 Robotics Committee of the Turkish Standards Institution (TSE), with the
sponsorship of TEFDO, is actively participating in the WG8 Working Group, representing Tlirkiye at the in-
ternational level.

This participation holds strategic importance for Tiirkiye, as it enables direct contribution to the global
development of robotic safety standards and ensures that national expertise and perspectives are reflected in
international standardization efforts.

WG8 Working Group and the New Standardization Project
The ongoing project led by WGS is titled:

ISO/AWI 15066-1 Collaborative Safety — Physical Contact — Part 1: Biomechanical Thresholds
and Data (ISO/AWI 15066-1 Collaborative Safety — Physical Contact — Section 1: Biomechanical Thres-
holds and Data)

Upon completion, this project is expected to introduce new biomechanical datasets that define the limits of
physical contact in collaborative applications. These data are anticipated to bring about transformative advan-
cements in the way robot integrators design, validate, and implement collaborative robotic systems.

The forthcoming standard is expected to completely redefine the verification processes, testing metho-
dologies, and design criteria associated with collaborative applications. By grounding these parameters in
quantitative biomechanical research, the new standard will provide a more precise, scientifically validated
framework for ensuring the safety and reliability of human—robot physical interaction.

This initiative not only strengthens global safety practices but also ensures that Tiirkiye’s industrial and
academic sectors remain actively engaged in shaping the future of collaborative robotics.

Sectoral Impacts and Expectations

The forthcoming version of ISO/TS 15066, under development as the ISO/AWI 15066-1 standard project,
is expected to generate significant impact across the field of collaborative robotics upon its completion.

This new standard will introduce fundamental changes to the working methodologies of collaborative
application integrators and system designers. Parameters such as physical contact, force limits, velocity valu-
es, and testing methodologies will now be established on scientifically validated, measurable, and verifiable
foundations.

These advancements will enable the redefinition of collaborative robotics through engineering-based, qu-
antifiable safety metrics, shaping the future understanding and framework of human-robot interaction.

The abbreviation ISO/AWI stands for “Approved Work Item.” This designation indicates that the standard
in question is currently under active development and is being prepared for official publication within the ISO
system.

Accordingly, “ISO/AWI 15066-1" signifies that ISO/TS 15066 is now in the process of being revised and
elevated into a fully recognized international standard—one that will unify existing safety principles with
empirical data and advanced biomechanical insights.

Once finalized, the ISO 15066-1 standard is expected to form a new scientific foundation for collaborative
safety, guiding both industry and research toward more reliable, human-centered robotic design.
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1954 yilinda Konya’da dogdu. 1979 yilinda Yildiz Teknik Universitesi Makine Miihendisligi boliimiinden
mezun olduktan sonra Erka Balata, Temsan Makine, Alarko, Sertler Orme, Ovisan, Sthhi Bez Sanayi A.S.
ve Demisas A.S. gibi sirketlerde Uretim Sefi, Satis Miidiirii, Genel Miidiir Yardimcis1, Teknik Koordinator
ve Satmalma Miidiir olarak gorev aldi. ISG Béliimii’nde Tezsiz ve Tezli Yiiksek Lisans yapti. 2015 yilinda
emeklilige ayrildiktan sonra 5 senedir Uskiidar Universitesi Saghk Yonetimi ve Is Saghig ve Giivenligi
boliimlerinde yart zamanli olarak Saglik Kurumlarinda Tesis Ydnetimi, Makine ve Teghizat, Bakim Caliganlart
i¢in ISG, Havalandirma, Endiistri 4.0 ve ISG, Endiistriyel Makineler ve ISG, Deniz ve Havayolu Calisanlar icin ISG gibi cesitli
derslere girmektedir.

Erhan ESKIiCUMALI

TUV Rheinland tarafindan makine odakli, bir yil siiren yogun bir egitim programimin ardindan Barcelona’da
juri sunumunu basariyla tamamlayarak Functional Safety Application Expert sertifikasini almaya hak kazanan
Erhan Eskicumali, Bahgesehir Universitesi Mekatronik Miihendisligi boliimiinden mezun olmustur.

2015 yilindan beri endiistriyel otomasyon sektdriinde, makinelerin ve robot hiicrelerinin emniyetli hale
getirilmesi iizerine Tirkiye’nin farkli bolgelerinde ¢ok sayida proje yirtitmiistiir. Kurucusu oldugu TEFDO
firmasinda; Makine CE Belgelendirme, makine/hat/robot hiicreleri emniyet danismanligi ve risk degerlendirme
hizmetleri ile sektordeki ¢aligmalarina devam etmektedir. Ayrica, TSE — MTC 205 Robotik Komitesi Baskanligi gérevini yiiriiten
Erhan Eskicumali, robotik emniyet alaninda hazirlanan uluslararasi standartlara aktif katki saglamakta ve Tiirkiye’yi bu alanda
temsil etmektedir.

CEVIRMENLER
Ceren UCAN

Yildiz Technical University Fransizca Miitercim ve Terciimanlik boliimiinden lisans derecesine ve Uskiidar
University Cocuk Gelisimi boliimiinden yiiksek lisans derecesine sahiptir. U¢ y1l boyunca OHS Academy
dergisinde editor olarak gorev yapmis olup, halen ETIYA biinyesinde Teknik Analist olarak ¢alismaktadir.

Dr. Nafiseh Farajirad

fran’da Isfahan Universitesi Kimya Miihendisligi lisans egitimini tamamladiktan sonra akademik gelisimini
Is Saglig1 ve Giivenligi alanina yonlendirmis; bu dogrultuda islami Azad Universitesi Ulum ve Tahkikat
Birimi biinyesinde yiiksek lisans derecesini almis ve devaminda Tiirkiye’de Uskiidar Universitesi Is Saglig
ve Gilivenligi alaninda doktora egitimini tamamlayarak disiplinler arasi uzmanligini akademik diizeyde
pekistirmistir. Mesleki ve akademik gelisimini siireklilik ilkesiyle siirdiiren yaklasimi sayesinde ¢esitli ileri
diizey uzmanlik programlarina katilmistir. Bunun yani sira Farsca, Tiirkge ve Ingilizce dillerindeki yetkinligi
sayesinde ¢ok dilli calisma ve akademik yayin ortamlarinda etkin iletisim kurabilmektedir. On bes yili agkin profesyonel deneyimi
boyunca petrokimya, enerji iiretim tesisleri ve insaat sektorlerinde faaliyet gostermis; bu siirecte kalite, is sagligi ve giivenligi, cevre
yonetimi ile bilgi glivenligi sistemlerinin planlanmasi, uygulanmasi ve denetlenmesi alanlarinda egitici, danigman ve denetgi olarak
gorev almis, ayni1 zamanda kurumsal risk yonetimi ve giivenlik kiiltiiriiniin gelistirilmesine yonelik ¢ok disiplinli projelerde aktif
sorumluluk distlenmistir.







