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ABSTRACT

Due toan increasing demand forlcd abor at i ve r o,lnantdustsial cal | ed i
settingsthis studyaims topredict thechanceof accidentoccurring due tdhe introduction of
cobotsin the Korean manufacturing industtgtermined by risk model applied Bayesian belief
network This will suggest effective risk mitigation measurgsis study focuses ahe types of
safey monitoredstop as well aglistanceand speed control whidiavea higher collision chance
compared to the types pbwer and force limiting which allow for injutfree contact anthat of
hand guiding whiclallows the cobot tonove iselfonly bycleau s er 6 s mani pul ati on
The factorghat impactnnualaccident probabilityrebuilt on thegroundsof the
analysis of occupational injuries and fataliiysndustrial robotsThese factors werden
categorized into human, organizatigraaid technicaleors.Each f act or 6 s pr obabi
employedirom the result of nationaitatistics If a probability wasot available, notional
probability was applied based ertensive literature reviewsn d aut hor 6 s experi en
years in the occupational saf@and health fieldgue to it is scarce elsewhere.
The risk models constructedvith two decisionnodest he e mpl oyer 6 s and t
pol i cy ma kandtivedve uncegamty nodes. The model showedtieadstimatednnual
accident probability was thersa as the average accident ratéhefentire manufacturing
i ndustry of the Republic of Koreariisnky200.18. Th
Additionally, the influential factors wer@nalyzedoy a sensitivity analysidy understanding
which factas are highly influential, this studyggess three key measures to mitigate the risk by
the introduction of cobots in the stageé design and manufacturing, installatiamd usage.
Researchers and OSH stakeholders may custahezmodel to assesfiserisk by the

introduction of cobots.



CHAPTER 1. INTRODUCTION

With the introduction of industrial robots into manufacturing industries, mass production
hasincreasedqLong, Chevallereauo, Chablat, & Girin, 201B)dustrial robots taken tasks that
are difficult or dangerous tasks for workers to do. However, industrial robots with great power
and speed have intrinsic hadsirandhus, have been operating in isolation from workes ani,
Pini, Leali, & Secchi, 2018Recentlycollaboc at i ve robots, called fAcobc
in orderto work sideby-side with workers without being completely isolated. This means that
cobots have an ability to control hazardous conditionsaatmhomously keep workin@dudun,
Trygve, Hisashi, & Mihoko, 2015)This ability helps meet trghortrun production challenge
whichis connected tohe issue about productivity improvement, faced by various smedium
sized enterprises (SMEg)his lowersthe automation barrier tremendougBanchettin, Ceriani,
Rocco, Ding, & Matthias, 2016)

The worldroboticsreport 2018 bynternationaFederatiorRobotics (IFR), highlights
how compact, efficient, usériendly, andsafecobotsare expected tbe, as well adrive the
automation market (IFR, 281 In line with these trends, global robotics companies are
launching various kinds of cobatsorderto meet this demand, resultingthre decrease die
price of cobas and thus are affordable for SM@Esiis & Officer, 2016) However, sharing a
workplace with robotsauld allow for the risk of collision between them. Employees especially
have a reluctance to work close proximity withrobots when they do not believe it is safe, even
if all safety requirements of bots are satisfiefiY ou, Kim, Lee, Kamat, & Robert, 20185%
of workers in the Republic of Korea tend to feel unsafe working aroomats(Youngkook,
Jinwoo, 2018. According to the IFR report, there are five leading markets occupying 73% of the

wor |l dos sia20&7sChway Japam the Republic of Koitke United Statesnd



Germany Among those countriethhe Republic of Korehas the highest bwt densities by far
(710 robots per 10,000 employeasP017 Given thisdensity an indepth study in the Republic

of Koreais related to the risk analysis by the introduction of cabots

m 2016 m2017

800 710
631 658
600
488
400 309 322 303 308
223 240 211 189200
- . II II
0
Republic of Singapore = Germany Japan Sweden Denmark United States
Korea

Figure 11 Robot density growth: 2016 v2017(IFR 2018

In theupcoming years, the introduction of cobots in SNEEsxpected to imease the
relative vulnerability to occupational accidents compared to{scgke companies due to limited
safety budget and manpower. Furthermore, the introductioobaits may creatgreviously
unknown hazards and unexpected accidefasingkook, Jinwop2018. Moreover, previous
articlesinvestigated that industrial robots have caused many accidents over the past years since
their introductia (Vasic & Billard, 2103. At this point,oneshould ask for quantitative, direct
evidence showinthe quantity oficcidents occuimg from cobots or what causaow for
cobotrelated accidents. Regrettably, such evidence is not availablereitneof occupational
sakty and health (OSH) and it is scarce elsewhere. Therefore, the objective of this current
researchs topredict the chancef cobotrelated accidentsccuring in the Korean
manufacturing industry with risk model applie@ayesiarbelief network Moreove, it will also
analyze which factors are the largest contributor t@timeialaccident probability and finally

suggest effective risk mitigation measures.



CHAPTER 2. SCOPE AND METHODS

2.1 Scope

As depicted in Figur@.1, most of the currentsk models for industriaobots do include
various aspectsechnical, environmental, humgmd organizational factors. Moreovissues
aboutregulationsnationalcharacteristicsand stakeholdezxpectationsieed to beonsidered
(Thieme & Utne, 2017However, the scope diiis study will not cover all these aspects into
one risk model since various international standards such as ISOd&1218 2 and]5066were
developed from the technical view for the safety of cobots.nfdger manufacturers fébw
these standards ithhe designing and manufacturing stage of cobots for safety. Moreover, most of
the recent literatusawith regards to the safety of cobots focus on improving the safetgas
such as control system and algorithm, sensorssaiety device performaneehich are an in
depth knowledge in the technical sid®ng et al., 2018; Michalos et al., 2015; Nikolakis,
Maratos, & Makris, 2019; Vemula, Mat#ts, & Ahmad, 2018; Vogel, Walter, & Elkmann,
2017) Therefore, thistsidy will cover adifferentpart of technical factors such as system

reliability.

Regulations,
national characteristics
stakeholder expectations

.-’/ Human, Py

| organizational |
© factors -

/ _\:' ; - F
(-~ '|Environmental |
\ ./ factors

_Technical -~
factors

7 .
Most of the current risk model

I:l The model in this article

Figure2.1 The scope of the risk model for this study



In the human and organization side, Thieme & Utne (2017) studied a quantitative risk
modelbased on Bayesian belieétwork for humasobot collaboration performance on
autonomous marinsystemsYou and Kim (2018) studiedognitive factors for improvinthe
safety in humaimobot collaboration, but onlipr workers in he construction industry. However,
thereis no previous studyabout a risk analysis with a quantitative approach by the introductio
of cobots centering on the human and organizational sidas to this lack of researcthis
study will cover the safety of cobots in the stage of usage and instaltaiisiclering the
characteristics of human errors, organizational ereordtechrical errorsto some extent

According to ISO 10218 part 1 and 2, there are four types of céby, Safety
monitored stop: the robot stops it¢tectsa worker intruéhg into a certain prset work area.
This type of cobots is often used for mimihcollaborative workSensors thatan detect if a
worker enters or remains in a collaborative amearequiredSecondlydistance and speed
control: the robot can slow dowts movements to a safe speed when an operator comes closer.
Sensors that caretect the distance and the relative speed between humans and robots are
required.Thirdly, hand guiding: theobot moves at limited speed following an explicit request
for theoperation. Sensors that can detect whether aevkolding the manipulators or not are
required.Fourthly, power and force limiting: the robot is specifically designed to allow for direct
interaction with workers without physical safety fences, visiggstems, or external scanners.
Sensors that can datt contact forces between humans and raetsequiredThis cobot
allows for injuryfree contact betweemworkeranda cobot.

Thefirst three types of cobots are now availablehigh capacity rob®& whereaghe
fourthtype- power and force limitig - is mainly responsible for human and robot collaboration

with aspecial conceptAccording to ISO 15066he main idea behind theurth oreis that they



shallnot result in pain or injury in casé collision. This means thahe cobotshemselvesre
not a threat to workers if they work undkeelegislative regulationsr international standards
The values of acting forces are adjusted in a way that makes it impossible to cause permanent
injuriesunder the condition thdhe cobot does natseany dangerous ta®such as cuttsr
electric burnor shodk (Michal, 2018. In addition, the hand guiding type can move itself only by
cl ear us er Gasan exteemelydimitecaspeiedsn that the aectdesulting in a low
probability of accidentrom this type.

However, in case of the first two types of cobdts predictable that there &high
chance of injuries and fatalitieecurringlike those of industrial robots. This is becatlse
majordifferencein safetybetween industrial robondthese types afobotsis that the use of
technical safeguards that isolate the rdbmn the workers and therefoetiminatingthe hazard
is no longer applicable to collaborative hurrabot systemgJangn, A., van der Beek, D.,
Cremers, A., et aR018) To remove physical fences, the technology of reliable and robust
virtual safety fencemust be applied througdafety cames proximity sensorsand
photoelectronic curtaindEC 614962,34) etc. Morewer, Distinguishing area such as worker
only, robot only and collaboration or coexistence zone is very important. Reseaasen, A.,
van der Beek, D., Cremers, A., et al (20BB)pws thatnstalling virtual cages or fences properly
is crucialin place of physical cages inewindustrial settingsGiven this contexthis paper will

focus on the first two types of cobosafety monitored stop and distarasel speed control

2.2 Methods
In order to design a risk model and calculate the estinzaedalaccident probability by
the introduction of cobots, we are supposed to use a Softward\etica version 6.05

developed byNorsys Software Corp with the concept of Bayesian Belief Neixk (BBN). To



construct a BBN, the following study used data wiegnglicable, and when this data was not

applicable, assumptions were based on the study of cobots and literature review to estimate.

2.2.1 Bayesian belief network

A BayesiarBelief Networkor influence diagramisually models the probabilistic
relationshps amondactors that have an impact on a final outcpumeertaintyon the grounds
oft he B a)y@mdran,rTan, & Levine, 2014; Heckerman, 1997)T h e thB@aegme s 0
based on the conditional probabilisbriefly illustratedasthefollowing formula:

66,6 006D 208

o!¢ = 7
2 o o

C

It expresses that P(A|B) is the posterior probability: conditional probability of an event A
given an event B. P(B|A) is the likelihood: conditional probability of an event B given an event
A. P(A) is prior prolability. PB) is the marginal pbability or evidenceWith this theorem,
BBN helps make it feasible for modeling casual relationships among factwmbinationwith
heterogeneous sources or with insufficidata set¢Uusitalo, 2007)BBN has been widely used
for supporting decisioimaking in tle diverse fields such asienific prognosisandrisk analysis
(Fan & Yu, 2004; Heckerman, &idani, & Wellman, 1995)

BBN is drawn with an acyclic graph called
and arrows that represent their dependencies in FyRré/hen two nodes atenked by an
arrow, theonewitha st arting point i sotheroohal € dc dilplae & nfi c miol
n o d Bavent node conditionally has an impact bibdcnoce (Leu & Chang, 2013)For
example, if technical errors occur (parent node), an accident may occur (child nceias s
Figure2.2 This figure als@xpressethe states [Occur(O), Does not occur (X)] and conditional

probability tables for ttee \ariables or factors. With this BBN in Figu2e2, the questiomf



nwhat i s

t he

the equation (1), the answer can be calculated as follows:

a c c thatteend h mpir ®ala bie ahswergdBy apgplyiogern? o

- o~ . A oA~ A Ao 2 s 22 B .« ¢ h
10! AAE AA4 DA E TARDAI ——
Av A

8z 82 8 8z 82 8
= 58%
8z 8z 8 8z 8z 8 8z 828 8z 8z 38

. Occur Does not . Occur Does not

Variable H | “(5)" occur (X) Variable T | “(0) " occur (X)
Probability | 0.4 0.6 Probability| 0.1 0.9

Technical Errors

(1)

<«— Parent node

Accident
(A)

<«— Child node

H T Occur Does not
(0O) occur(X)
X X 0 1 Conditional probability
0 X 0.3 0.7 table of variable A
X 0 0.4 0.6
(0] 0] 0.9 0.1

Figure2.2 Example of Bayesian belief network for risk anéys
As shown in Figur@.3, however,tiis straightforward foNetica softwareto calculate the

final outcome which i®(Accident occurs | Technical errors Ocgby)selecting one state.

Human errors Technical erros |

Occur 40.0 Occur
Does not occur 60.0 Does not occur 0] ERE -
Accident
Occur 58.0
Does not occur 42.0

Figure2.3Example of Netica for risk analysiselecting one state.



Furthermore, this powerfudnd intuitivesoftware helps us to geasilythefinal outcome

givenprobabilistic relationships between two factorgigure2.4.

Human errors Technical erros

Occur 40.0 Occur 10.0
Does not occur 60.0 Does not occur 90.0

Accident

Occur 16.6
Does not occur 83.4

Figure2.4Example of Netica for risk analyswith overall probabilisticelationships

2.2.2Materials

In order tocompute the accident probability the introduction of cobothirough BBN
fundamentatiataneeddo be avdable. Howeverthis datas scarce everywhemue toc o b ot s 6
growing popularityand accident cases atfificult to find. Given this contexthis paper will
analyze the occupational injuries and fatalitlee toindustrial robots in the Republic of Korea.
This rendhelps to understarttie characteristics of the cobmlated accidentsecause the
category of industrial robotacludestraditional industrial robotas well asewer collaborative
robots.Consequently, this analysaiows forexamination otritical factorsthatimpact the
occupatioml injuries by cobots.

Next, theOccupationalSafety andHealthCompanySurvey (OSHCS) 2015 whichis the
national statistics of the Republic of Koré&aimplemented regularly for other applied
researchedhis survey is used farovide empirical data that can be utilized to establish toid

long-termoccupational safety and h#apolicy agendaln this surveythe level of safety

1 This questionnairavas devel oped b asueeal ofeemterpisds o Belw Arid £merging risks and
European company survey Eurofound.



training, safety management, i mpl ementnati on o
the manufacturing industrin the Republic oKoreahave beeinvestigatedThis data plag a
critical rolein providing the probabilitiethatare considered as parent nodes.
If child nodesare dependent on multiple parent notl@hich means therare multipe
conditional probabilities given various conditidni is reasonable toefer to the data from
previous stutesand apply a notional probabilityith assumptions
Lastly,in order to calculate the outcorti@talso reieson multiple child nodes, naive
Bayesclassifieris adopted t@btaineach conditional probabiitfor estimating the likelihood of
the accident by cobatgiven various conditon§h e napupve Bayes met hod emp
theorem but assumes tHattors arendependent of eadbther Even ifindependence is usually
an unrealisticassumptionpaive Bayedearremarkablycomparison withmore elaborate
classifiersin the practical point of vieRish 2001). The following study has been conducted

with the scope, methodand materiales mentioned above.
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CHAPTER 3. INJURIES AND FATALITIES OF INDUSTRIAL ROBOTS

3.1 The status of OIlIRs from 200 from to 2018 in the republic of Korea

The status of occupational injuries by industrial robots (OitRke Republic of Korea
has been analyzeudth data approved as occupational injuries under the Indastigent
CompensatiomnsuranceéAct (IACI Act) from 29 to 2018. In detail, OlIRs were analyzed by
dividing them into type of injuries, compasize working period and work loss dato derive

characteristics of OIIRs.

3.1.1 The status of OlIRs by typsof occupationalinjuries

Classification of the typesf injuriesare crush, fall from the heights, collisistruck by
object, cutting/pricletc. Trend of OIlIRs by the type of injuries can help derive significant factors
about what type of injuries occurred the most. Types of OlIRassesseth the following
order: crush (5@%), collision (37.7%), struck by object (3.7%/Jall from the height (31%),
trip/slip (1.4%), andcutting/prick (1.1%) Two types of injuries crush and collision occupied
roughly88% of OIIRs.This is due tgarts of the workes b leedoyningtrapped between the

moving parts of the robpbr were hit by the robot, resulting iare fatalities

Table3.1Cases of OIIRs by type okccupationalnjuries

. Fall from  Struck by L Cutting/
Type Crush  Collision the height object Trip/slip prick Others
Injuries by IRs 177 132 12 13 5 4 7

Injuries in overall

. . 96,644 23,627 25,592 25,539 29,451 24,477 35,871
manufacturing industries
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60.0% | Injuries by IRs

50.0% | Injuries in overall manufacturing industry

40.0%

30.0%

20.0%
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Figure 3.1 Distribution of OlIRs by type obccupationalnjuries

3.1.2 The status of OlIRs bycompany size

To analyze the correlation between OIIRs and the size of company, the size of company
is dividedinto 4 categories as seamTable3.2. In case of overall injuries in the manufacturing
industry, Figire 3.2 shows that the smaller size of the company, the inguges occurThis
trendreflects the injuries by industrial robots in the past 10 y&#is.could be due to the fact
that SMEs have limited safety budget and manpower, thus increasing the piypbébijury.

As a result, it is recognized that theesof workplacemay affect the accident probabilityith an

introduction of cobots.

Table3.2 Cases of OlIRs bgompany size

Number of workers <50 50~299 300 ~ 1,999 > 2000 Total

Injuries by IR s 169 116 29 36 350

Injuries in overall

o . 209,475 34,546 6,291 10,889 261,201
manufacturing industries
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Figure3.2 Distribution ofOlIRs bycompany size

3.1.3 The status of OlIRs by working period

Wo r k profisigncyis alsoone of the major factothatimpact the injuries by industrial
robots. Thecorrelationbetween OIlIRs and the proficiency of workers injuisednalyzed
through the analysis of the working perjagfined as time spent workingf, workers injured.
Working period of workers injured by industrial robdtas beenanalyzed in the following order:
less than 1 yedr8.0%) > 1 year- 3years L7.%4), >3 years ~ years 6.6%). As can be seen
in the two histograms, theccupational injuries of thievo conditions dropped at approximately
the same rate within 5 years. However, this trend over timedvBetweerthetwo. Injuries in
overall manufacturing industries decreased continuously while @¢iRainedstationary after 5

years. Itis importantto note that injuries by industrial robots is a problem even for skilled workers.

Table3.3Cases of OIIR by workingperiod

. lyear ~ 3year~ byear~ 10year-~ >
D
uration < lyear 3year Syear 10year 20year 20year Others Total
Injuries by IR s 168 62 23 3z 3z 31 2 35C

Injuries in overall

o . 141,066 51,455 20,48 22,17 15,99! 8,31¢ 1,707 261,20:
manufacturing industries
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Figure 3.3 Distribution of OlIRs by working period

3.1.4 The status of OlIRs bywork loss day

Table3.4 shows the average work loss daytleftwo conditionsThe average work loss
days ofall injuries in the manufacturinigdustryover the past dmdetotaled280 days On the
other hand, the average work loss days of OlIRs wasléys that were 2.times higher than
that of injuries in overall manufacturing industry. Thants outthat theseverityof injuries
caused by an industrial robot is ammoresevere. In other words,seems reasonable to say

thatan injury by industal robots has a high chanteresult in more days missed.

Table3.4 Cases of OlIRs by work loskay

Year Ave. 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Injuries by IRs 671.33 724 829 528 995 247 697 994 683 345 721

Injuries in overall

. . 280.22 243 277 300 305 304 280 280 273 260 270
manufacturing industries
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Figure3.4 Distribution of OlIRs by work loss day

3.1.5 The implications through the analysis of OIlIRs

An analysi©on OlIRs overthe past decadeith four categories sheds light on the
characteristics for injuries by the introduction of cobbisstly, major types of injuriesvould be
crush and collision due tmainly abnormal contact between the drivingpobattachmentand
the workes. Secondlyit is expected thahe smaller size of company, thggher the number of
injuriesby cobotswill occur. Next, the more working periods, the lovambotrelatedaccident
probability. Thisgenerally means workersw have more working periods, havkigher
chance to be wetrained for safetyTherefore, the level of safety training would be one of the
major factors to impact on the accident probability by cobots. Lastly, the average work loss days
of OlIRs were 23 times higher than that of entirguries in overall manufacturing. This trend
predictss he cobotsé case to some extent .-cohtolwever,
functions such as safety monitored stop or distance and spetd| the stength of injuries by

cobots would beveaker than that of injuries by industrial robots.
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3.2 The status of fatalities by industrial robots

An analysis of 28 fatalitiéslue to industrial robots (FIR&om 2009 to 2018vas
investigated and the major cateiggrforthis analysisverethe sector in manufacturing industry
where the fatality ocaved working period of worker diednstallation of safety fence and

proper safety measures for an entraaceltype of tasks

3.2.1 The status of sector of industrynvolving FIRs

Transport machinery manufacturing indudtad the highest frequency of FIRghich
resulted in 12 cases (42.9%)dtwo caseg7.1%)thattook place irthe generaimachineryand
metalindustryrespectively| n t he c at e g o 0 Vheete@ric demiae dhanafacturing t h e r
andfood industryeach haane fatality. Among these industriesferred the transportation and
general machinery manufacturing industries are related to the automobileyirvadoish

generallyuses manyindustrial rolotsin the Republic of Korea

Table3.5 Sector of industry involving FIRs

Transport General

Industry . . Metal Chemical Others Total
machinery  machinery
Fatalitiesby IRs 12 2 2 2 10 28
Ratio (%) 42.86 7.14 7.14 7.14 35.71 100

3.2.2 The status of workimg period involving FIRs

Table3.6 shavs thatl0 cases (35.7%) of the fatalities occurred in workers with less than
one year of their working perio@his indicates that shorter working periods are rlikedy to
result in the high chance to exposure forfttality. However, one particular thing is that 5 cases

occurred over 10 years. This means that FIRs coeddrunexpectedlyor evenskilled workers.

2 According to the section 4 of Korean OSH act, fatality is defined as accident in which one or more workers have been
killed, an accident in which two or m®workers are injured simultaneously, requiring three months or more with care,
accidentm which more than 10 people were injured or ill at the same time.
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Table3.6 Working periods involving FIRs

1yYr. ~ 3Yr. ~ 5Yr. ~ Unable to
vear <ivr 3vr. 5Yr. 10Yr. >1ovr. check
Fatalitiesby IRs 10 8 3 1 5 1
Ratio (%) 35.71 28.57 10.71 3.57 17.86 3.57

3.2.3 The status of installation of safety fence and safety measures for entrances

Table3.7 shows thad FIRs have been caed by the installation of industrial robot cells
without safety fenceOutof the 24 casef installed safety fence8,casesere found to install
improperly safety interlock for the entrance of safety fences and 1 case was found not to have
safety intelock for the entrance installed at ai shown in Tabl8.8. This means that workers
couldacess intcarobot zonaduring operationwhichis directlyconnected to the high chance of

fatality.

Table3.7 Installationstatusof physical safety fence

Type Installed Not installed
Fatalitiesby IRs 24 4
Ratio (%) 85.71 14.29

Table3.8 Installationstatusof safetyinterlock for entrance of physical safety fence

Installed Installed

Type . Not installed Unable to check
properly improperly
Fatalitiesby IRs 13 9 1 1
Ratio (%) 54.16 37.5 4.17 4.17

With this analysis, weandeduce the probabilitgf human errors, organizational errors
and technical errot® occurgiven accident. Phuman error | accident, H|A&)ould bederived
from theportion of fatality happened although safety fences and interlodckd@ntrance
installed properly. Porganizational error | accident, OJA) would also be derived from the portion

of fatality happened when safety fences and interlockh®entancewere not installed. P
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(Technical error | accident, T|A) would be derived from the portion of fatejpened when
safety fencesstalled properly but safety interlogkasinstalled improperhand thus ifailed to
function properly These probaliies will be appliedfor the @lculationof conditional

probabilities

Table3.9 Guidance probabilitiesfahree main errors given accident

Type P(H|A) P(O|A) P(TIA)
Ratio (%) 13 cases /27 cases 5 cases/?2cases 9 cases / 2cases
=48.15 =18.52 =3333

3.2.4 The status ofypes of tasks invéving FIRs

According to the analysis of thgpe of task®f FIRsas seen in Tablg.10, 18 cases
(64.3%) occurred during repairg of industrial robot systems or related device in industrial robot
cells,8 cases 28.6%) occurred during normal operation and 2 c4ge)0)occurred during
cleaning in industrial robot cells. In the past, méatglities occurred during inputting program
or teaching robots, but there have been no fatalities during those actibekst 10 years. It
was believed that the fatalities during repajrand cleaning could be preventeglocking the
startup switch with the key and managing the key sepam@tattaching a sign saying
"Workingo on the st artarghons wgietncehr ablelfyo rcea |Islteadr tfiilL
( L OT.Onother words, it is recognized that these kinds ofa@kbe eliminated from the
educational and administrative nsei@ges such as safatyanagement arttaining, as well as

effective risk assessment.

Table3.10 Types of tasks involving FIRs

Type Teaching Normal operation Repairing Cleaning
Fatalitiesby IR 0 8 18 2
Ratio (%) 0.00 28.57 64.29 7.14
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3.2.5 The implication through the analysis of FIRs

An analysis on FIRs over the pastcddealsosheds light on the characteristafssevere
injuries by the introduction of cobots. First of, dlis expected that there will be severe injuries
caused by cobota theautomobile and general machinery manufacturing industhiesto
manyassembly and welding taskSecondlythe more working periods, the lower colvelated
fatality, which geneally means workers who have more working periods, have @tibance
to be welltrained for safety. HoweveFIRs occurred unexpectediyen forskilled workers.
Therefore safety training such as refresher cousdesuldbe required for skilled workerblext,
proper installatiorof virtual safety fencess a critical factor tgreventthe cobotrelated
accidens. In addition, the probabilitiesvhich are P(H|A), P(OJA), and P(T|Agflect the
characteristics ahe Korean situationLastly, it would be meaningful to say that severe
accidents arexpected to occur in neroutine taskand thuseffective safety training and

managemengs well agisk assessmermshould beembeddednto the workplace

3.3 Characteristics factors leading to OlIRs ad FIRs

From the analysis of OIIRs, the major types of injuries are crush and collision and the
level of safety training based arorking periodis an importat factor tobe expected to affect
theannualaccident probability by the introduction of cobotarthermoreijt is predictedhat
company sizémpacs the probabilityof accidentslue tothe different capacity by sizto deal
with safety issue®IIRs ae three times higher than the rate of the occupational injuries of entire
manufacturing industry in case of skilled workers over 20 years of work experidrcanalysis
of FIRsalso showthis tendencyTherefore, traininguch as refresher cours#woul be
requiredfor skilled workersFromthe analysis of FIRs, aboul 4% of FIRs occurred duringhe

non-normal operating conditio®SHA guideline for robotics safet{fSTD 0112-002) also ponts
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out thatmany robot accidentssuallydo not occurduring routine taskbut instead, during
programming, maintenance, repair, testing, setup, or adjustmeitiier words, this kind of risk
can ke eliminatedvith educational and administratimeeasuressuch as proper safety
managemenrdnd training as well agffective risk assessmewtccording to ISO TS 15066, risk
assessment for cobots should include not only dtd®it, but also control systems and safety
devices such as virtual fences.

Furthermore, proper installation of safety fencessaidty interlock foentrancesf
safety fencethataffect human erns and technical errorshould not be overlooketh case of
cobots,it's just that physicalafetyfencesturn into virtualsafetyones Improper installation can
lead to serious hazards depending on the amount varied from the original Desigmthis,
design, installation requirements, aaglipment layout of a robot need to be aligned with the
codes and guidelines required byelmanufactureiTherefore, regulatory safety certification at
installation isaneffective method to prevent accidgrdue to the fact that robots are able to
adaptto their environmental conditionk the era of popularization in smart factory, Korean
governmenis preemptively considering whether the safety certification system for cobots will
beintroducel or not.In addition, OSHA guideline (STD 012-002) suggestthat the prevention
for control errorsmechanical and electronical failumisectly impacts the accident probability
In this study, it is collectively called systawliability.

Research by e i n g indastridl accident preventigHeinrich, 1941)suggestshat
unsafe acts and conditions are major catmasdustrial accidents. Most of the unsafe acts
result from humamrrors and most of the unsafe conditgmesult fromtechnicalerrors such as
mechanical and physical hazards. This theory is quite an outdated but has suggested simplistic

and linear concep@bout how to approach the accident.


https://www.osha.gov/dts/osta/otm/otm_iv/otm_iv_4.html

Poor safety management causesitiggority of accidents (Johnson, Ashley 2001).

Moreover effective leadership plays a critical role in improving safety performance inrtggh

working environmentg§Flin & Yule, 2004) The starting point of safety leadersisgheC E O 6 s

safety interest_astly, unlke industrial robots, the number of cobots is expected to affect the

accident probability due to the high chance of collision between them.

With these significant factond implicationgrom the analysis and literature review,

the characteristic facte leading to the occupational injuries and fatalisestroducedy the

collaborativerobotsin Table3.11.

Table3.11 Major characteristic$o occur industrial robot accident aoobot @cidents

Characteristics of Industrial robots
Safety training
Type of tasks
Safety management (Lock out Tag out)
CEOG6s safety inter:
Company size
System reliability

Risk assessment

Proper installation
- Physical fences
- Fookproof, faitsafe device

Characteristics of Collaborative robots

Safety training

Type of tasks

Safety management
CEOOs inwrast et y
Company size

System relialtity

Risk assessment

Proper installation
- Virtual fences
- Foolproof, faiksafedevice

Regulatory safety certification at
installation

Number of cdlaborative robots




21

CHAPTER 4. RISK MODEL

The riskmodelby the introduction of cobotsan be depicted as a Bayes belief network to
aid in conceptualizing the complex interrelationships among factors. Mgludepicts several

interrelatedactorsaffecting theannualaccdentprobability by theintroduction of cobots.

CEO’s safety
interest
kA J

Company
size

Safety
management

Safety

training System

reliability

Technical
errors

Regulatory
safety certification

Organizational
errors

Number of

Proper

installation
(virtual fences)

Risk
assessment

@ Uncertainty

B oecision Accident

Figure4.1Risk (BBN) model of accident prediction by the introduction of cobots

This model includes two decision nodesgelve uncertainty nodes: three mhrent
nodeg(human, organizational and techalierrors) eightparentnodes and onechild node
(outcom@ which is theannualaccident probability by the introductia cobotslt is assumed
that theannualaccident probability of cobotsithout any conditionss the average accident rate
of the Repblic of Korea in 2018With the priorprobability, the model estimates mainly whether
the postannualaccidentprobaility by the introduction of coboiacreases or nainder those

contributingfactors shown in Figuré.1
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4.1 Decisions

In this papertheviews of two decision makerBave been considere@ne isan
employer who makethe decisiacn abouthow many cobotsvest The other is policymaker
who takes charge of the occupTadrefoethiamoded af et y i
contains twalecision nodes: 1) numberofo b ot s f r o m vievhaad 2eregpldtooyy er 0 s

safety certification atviewnstallation from the

4.11 Number of cobots

If cobots become popular industrial roboticsworkersare likely to work with more
than one cobot in work cellin orderto maximize productivity. Thissndencycan affect the
frequency of the occupational injesby collaborative robots (OICRs)his is becausworkers
and cobots are more likely to bumpdreach otherdeading to a lgherchanceof slips, lapses
and mistake$o occur.This is a resulof mainly human and organizational errpes the number
of cobots increasas asharedvorkplace In case of technical errors, however, because only
prodicts securing system reliabyliby international standards were distribuieds assumed that
this nodedoes not affect technical errors. In this stutigré arg¢hreechoices for the number of
cobotsbeingfioned ,t wioandii t hor. e eB@ianhefers to the number of cobots perrking

cell. It is assumed that each cell is desigioedne worker

4.12 Regulatory safety certification

The major cause of FIRs majorlyattributed to incomplete installation of industrial
robot cells such as physil safety guards or interlock safetevicesat everyentranceThis
allows fora worker to move into robot cell without pausthgrobot. This enables workers to
violate the safety procedures, being overconfident. Currently, there is no legal syst&okio

the safety performance of insluial robotsas well as collaborativebotsat the installation stage
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in the republic of KoreaTherefore, it is believed that a regulatory safety certification system will

be necessary to ensure the safetyatfots.This regulatory system can reduce titcurrence of

humanand technicagrrors through proper installation. Nowadays, the Korean government is

takinga hugeconsideration of whether the system wilimplemened This node can affect the
uncertainty of poper installation. This node hastdoe ci si onsed iompihement
implemenedd . It is assumed that the probability of

is implemented.

4.2. Uncertainties

The eleven uncertainties depicted in the netvioikigure4.1, are sortednto three major
categorie®f human, organizational and technical errors which act agpareht nodeslhis
categorywas improved to bemore appropriate for the complex working eoviment, based on
t he concept -&ducatba, Enfacegnieat artl Ergineering affect the accident
probability of cobotgJulien H. Harvey, 1946Even though this concept is a little dlshioned,
it is still widely used for occupational sty and health approagsto prevent occupational
injuries and illnesses. The remainirighd uncertainties which act aarentnodes affect each

mid-parent node.

4.2.1 Humanerrors

Heinrich (1911) suggested thahost of industrial accidents came from afesact that
result from human errorResearch by SendesisdMoray (1991)defined thabhuman error
means something has been done that was "not intended by the actor; not desired by a set of rules
or an external observer; or that led the task orsysténsoud e it s aédccedngtabl e | i
Health andsafety Executive (HSE), there arree types of human error: sljpspses, and

mistakesBoth slips( gener al | y cal | eaddlapse@enenallyscalledon er r or 0)
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A omi s s i @ccurm reryamiliar)tasksvhich can occuwithout much conscious attention
whereasnistakes are atbrutable to decisioimaking failuresThere should be many causes

leading to human errois the worksitesuch as por design, distraction, time pressure,

workload, and communication systermAdthough detailed considerations along these causes are
meanindul for an entire body of researdhjs beyond the scope of this paper. Therefore, we

intend to apply four factof®und from the analysis of OlIRsd FIRswill be applied Thereare

four uncertainties to be concerned: safety training, risk assesgragrgr installationand type

of tasks. The probability of human error assume83.0n case of @ Rgh(riskaf ety t
assessment: i mplemented, type of taenkral routin
human error rate for an act parfted incorrectlyKirwan. B., 1994) When it comes to each

conditional probability, Table4.1 was applied

Table4.1Impact on human errodf four uncertainties and one decision node

Safety Risk Type of Proper Number of
training Assessment tasks installation cobots
High (0) Implemented (¢ Routine (0) Proper o 1 (0)

Medium (+0.@5) Not implemented (+@5) Nonroutine(+0.05  Improper (+005 2 (+0.025)

Low  (+005) 3 (+005)

4.2.1.1 Safety training

OSHA argues thatducationand training plaga critical role in informing workers and
managers about worksite hazards and consatisey can work safely angtoductively.In

addition,the more years of working peds, thelower accident probabilitfoundfrom the

3 Book (Robot system reliability and safety, 2015) by Dhillon stated that that roughly 20% of industrial accidents

with robots resulted from human error. Therefore, the sum of four uncertgi f act or sd probabil ity
same level of contributionn regards to the number of cobots, the same amount of contribution is applied for the

objective research.
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analysis on OIlIRdt generallymeans that workers who have more working periods, have a

higher chance to be welrained for safetyThis is attributed to the fact thainployes regularly
provideasafety educatiofi over 6 hours per quartefor theemployeeaccording toArticle 31

of the KorearOSHact Furthermore, thentroduction of cobawill make thentegrated system

more @mplicated Therefore, safety education can increase the awarsaassndingrisks such

as collision and trappgifrom cobots andn turnreduce the chance of human errors. The
outcomes of this uncertainty are fAhigh, mediu
(Junedk, 2012), the level of safety training in the wotkpewhereindustrial robotsare
investigaédas shown imable4.2 Hi gh means fAsafety training r¢
Asafety training i f ne cEhesamerdigtdbutionirocase ofiechotss A n o
was assumed

Table4.2 Theratio of the level of safetyraining

Low Medium High
0.077 0.224 0.699

4.2.12 Type of tasks

As being similato the FIRs cases, most of the accidents by cobots are expebeed to
nonroutine taskskFrom the analysis of FIRSs, it shows t@at4% of FIRs occued during the
nortnormal operating conditiofiResearch by Brazendd#988),nonroutinetasks give a high
chanceof human erroreccurringbecause ofinfamiliarity and unpredictabilityThe outcomes of
this uncertai ntopr @au e Théperion af routirke@nd aaroditinditaskvas

assumed iMable4.3
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Table4.3 Theratio of routine and nomoutine task

Routine Non-routine

0.93 0.07

4.2.1.3 Risk assessment

According to ISO TS 15066, risk assessment for cobots shalidienot ony the cobot
itself, but also control systems and safety devices such as virtual fences. However, ISO 15066
refers to ISO 10212 based on the 1ISO 12100 for risk assessment anghtiotn of safety
machinery for designers. This means that this standasdrad@ecompletely cover hazards at the
installation and usage stage. In order to implement an effective risk assessment for users, a high
Safety Integrity Level (SILIEC 62061) andir Performance Level (PL; ISO 13849 for
functional safetyneed to be apied. Unlike otherparentnodes, this node affects two mid
parentsd node whi ch a Mhke odicomea of thia uncertainty aréh ni c a | e
Ai mpl ement edd oa. fAMroamitnmpd eMEHE@RX d2015 i n Kor es
the manufacturingnidustry implemented risk assessment systems under the articlebieahn

OSHact as shown in Table4.Thesame distributionvas assumed witbobos.

Table4.4 Theratio of theimplementation of risk assessment

Implemented Not implemented

0.833 0.167

4.2.1.4 Proper installation

Cobots and coordinate systems should be instattedrding tdhe law or international
safety standards because the design, requirements, and layout of equipment, utilities, and
facilities can lead to hazardghey are notorrectly installedFor instance, although there is no

function of safety monitored stop @o-existence or collaboration zone, a worker might make a
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wrongjudgment to tryand enter &ell without caution Therefore, proper installation is one of

the majo factorsthataffects human errorThis study also considers proper installation as the

factor of technical errors because if not, the virtual cage for safety has a chance to fail to function
properly. Thereforethis node can affect two errordiuman ad technical errors like the case

of the node for risk assessmehiie outcomes of this uagainty are proper and improper. From

the OSHCS 20130.3% of the interviewees replied thateventative measuresder the article

25 of Korean occupationahfay and health act wer@mpletely applieétworkplaces where
hazardous machinegguipmentsuch as industrial robgtaere installedlt is applied thathe

ratio ofthec o b o t slfo hasahsaene distribution

Table4.5The ratio of proper and impper installation of cobots

Proper Improper
0.903 0.097

4.2.20rganizational errors

Under thearticle 5 ofKorean OSHact,employers have a responsibility to provide a safe
work environmentand improve working conditions so aspi@vent occupational infies and
illnessesTher ef ore, the CEQO®Mms esmpfl oty risrdtreisdts pto nksa e
implement an effective safety management systtoeccupationakafety anchealth program
thatis encouraged biorea occupational safety and healtjeacy KOSHA). Moreover, the
degree of organizational ability to manage GS$tieggenerallydepends on the size of the
company because of safety budget and manpaomwéhis category, there are three uncertainties:
saf ety management ,and@E Skbosthec@anpany. Yherababilitgaf e s t
organizational errorsassumes@0 n case of AP (safety managemer

hi gh, company si ze: greater than 300)0 which
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comes to each conditial probabity?, the probability followingTable4.6was applied

Table4.6 Impact onorganizationakrrors ofthreeuncertainties and one decision node

Safety CEOG6s sa Company Number of
management interest size Cobots
High (0)  High (0) Greater than 300 (0) 1 (0)
Medium (9033 Medium (+0.083) 50~299  (+0033 2 (+0.033
Low (+0.066) Low (+0.066) 1~49 (+0.066) 3 (+0.066)

4.2.2.1 Safety management

On the basis of thaccidentanalysisof FIRs 27 workplaces wherfatality occurrechad
a proper safety procedure such as Lock Out/Tag Out (LOTi@)wever, these tragic fatalities
happened because the safety pdure was superficialvhichimplies safety management was
insufficient anddid notwork with a chemical bond. Therefore, sgf managementorksto
reduce accidentcausedby cobots. The outcomes of this uncertainty are high, medium, low.
Hi gh me abnilsi movel Mediismmadainws d.uildw meainer Ar ar el
neededo.OSHES20M5,tthe vel of safatyanagement was below Taldlg. The

same distributiotike thecase of cobotwas assumed

Table4.7 Theratio of the level é safety management

High Medium Low
0.153 081 0.037

“The sum of three uncertainti es0 rijpution #sdhb caseiothyman esror2 0 % wi t
Generally speaking, human andjanizational error is a result of interaction by two major factors. Environmental

factors are not considered in the scope section of this sty thus affect the occurrence of accidegether. For

clarity, the probability of organizational errorassumed the same as that of human error. In case of number of

cobots, the same amount of contribution is applied for the objective research.

5 OSHA Standard 29 CFR 1910.147 for controhafzardous energy, or lockout/tagout (LOTO), is usepréwent

unexpected startup of equipment, and thus decrease the amount of injuries from harm during maintenance.
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4. 2.2.2 CEOG6s safety interest

In manufacturing environments, effective leadership is used in order to increase the
safety performance of workers in higkk situations(Flin & Yule, 2004) Safety leadership is
projected at the | evel of the CEOGKkipandaf et yos
enable employees to energize their safety performare@ositive way. Theudcomes of this
uncertainty are high, medium,loW.i gh means fAstrong interest for
means fAModerate interest f oerl ysaofretnyo fQEQWw sC EsQaof

interestOSHES oM 1He the | evseWwashelbw TalldB6s saf ety

Table4.8Theratod t he | evel of CEO6s safety

High Medium Low
0.367 0.601 0.032

4.2.2.3 Company size

Largersize companies hawesually lower rates of fatal injurie@mpared temallersize
companiegMendeloff, Ewing Marion Kauffman, & Kauffman, 200&ecently,in therepublic
of Koreg this tend isbecomingrigid because atheincrease iroutsourcing hazardous work
from a contractor to a sutontractorfor cost reductiorfMinistry of Employment and Labor,
2015) Moreover, it is expected that cobots in SMEs Wal/ehigherrelative vulnerability to
occupatonal accidents compared to largeale companies due to limited safety budget and
manpower. In this nodehé outcomes of this uncertairdye small, medium and largéerom the
national statistics (2018) from the Msstry of Employment andLabor in the Republic of Korea,
the proportion of company size in the manufacturing indusskiasvn inTable4.9.

Table4.9 Theratio of company size in the manufacturing industry

Small (1 ~ 49) Medium (50 ~ 299) Large (greaterthan 300)
0.9606 0.0370 0.0024




30

4.2.3 Technical errors

The innovative technological advancemdnisn physical cages to virtual cagsgh
lasercurtains, cameras and sensors for preventing collision and trappirey] the way to make
it possiblefor robotsto share workplace with workers. Unlike the accident case of industrial
robots, with the help of the stavé-art intrinsic safety system, ti@uries and fatalities from
cobotsareexpected to decrease. Howewrstenreliability is still animportant factorthat
affecsthe occurrence of occupational injuries by cobBffectiveimplementation of the risk
assessment and proper installatigrthe international standardsasa significant impact on
technical errors. Thereforthree factorganaffect technical errordn this category, there are
three uncertainties: system reliability, risk assessment, proper installdt®probability of
technicalerrors 0@ 1 n c asgseem @lfabilify &#ceptablesisk assessmenimplemented,
proper irstallation: proper 6 whi ch is the required reliabilit
international standard (IEC2661). When it comes to each conditbprobability, the

probabilityfollowing Table4.10was applied

Table4.10Threeuncertainties and their impiaon technical errors

iahili : Proper installation
System reliability Risk assessment (Virtual fences)
Acceptable (0)  Implemented (0) Proper (0)
Unacceptable (+0.8)  Notimplemented (+0.05) Improper (+0.05)

4.2.3.1 §stemreliability

Cobots aralesigned for redime interactions with humann a shared place. This

technical advancement requires complicated logimcshardware reliabilitgompared to

51t is applied that the most contributable factor was system reliability in technioed @rhich is directly connected
to occur the accidetin the workplace, if it happens. As a result, the probability occurrence of technical errors
increases up to 80% in case of unacceptable system reliability. The rest of two, risk assessment and proper
installation were considered as the same level of ibanars like the case of human errors.



31

industrial robot§Maurtua, Ibarguren, Kildal, Susperregi, & Sierra, 2010cording to the
research on Perrow (1994), more complex logasa chance to increaslysfunctional
interactions among system componemtis i ch i s c¢ al | e din dddityprs fautswof acci d
safdy devices, sensors, and control paraicobot system (electricaindmechanical failures) is
directly associated witthe occurrence dhe accident by cobats

However, tlese failures should not be improved in the stage of usage or installation but in
the stage of design and manufacturihgvasassumed that all of cobot manufacturers follow
international standards duas ISO 15066, 1021B2 and IEC 62061 etc. According to IEC
62061, cobot manufacturers shoaltisfy all requirements over Safetydgtity level (SIL) 2 for
selling their products. Thegbability of failure on demand (PFD)orresponding to SIL 2 is
p T <x<p 1 of low demand mode. Therefore, the probability of hardware failur®® @s

shown in Tablet.11

Table4.11The relability of cobots and cobot system

Acceptable Not acceptable

0.999 0.001

4.3.0Outcome

The estimatednnualaccident probability by the introduction of cobots is affected by
three major categories: human, organizational, and technical drate. 4.12hows the eight
conditional probabilities for that are inputted into the Netica Software in order to be cdmpute
Napuve Bayes classifier based on Bayes6 theore

Table4.12.
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Table4.12Eight accident probabilesgiven each condition for outcome node

P (accident | humaarror(0) z organizationakrror(x) z techncalerror(x)) = 0.13747

P (accident | humaarror(x) Z organizationakrror(o) Z technicalerror(x)) = 0.00353

P (accident | humaarror(x) Z organizationakrror(x) Z technicalerror(o)) = 0.07902

P (accident | humaarror(0) Z organizationaerror (o) Z technicalerror(x)) =0.24588

P (accident | humaarror(0) Z organizationakrror(x) Z technicalerror(o)) = 0.88749

P (accident | humaarror(x) Z organizationakrror(o) Z technicalerror(o)) = 0.14931

P (accident | humaarror(o) Z organizationakrror(o) Z technicalerror(o)) = 0.94164

P (accident | humaarror(x) Z organizationakrror(x) Z technicalerror (x)) = 0.6E8

4.31 Computation of conditional probabilities with naive Bayes
Naive Bayes assumes that factors are independent each other and thus evidence or marginal
probability can be divided into independent parts. For examplerthealaccidentprobability

given that all of three errors occur can be expressed as the folleguagjon.

0 60O QWD &H TR QW | £ DGO i
0 OO0 QD @D TR Q@ | € 0ol b & &0 QEH &E Q@ | &1 i

0 QOO QADED G A1 EDHOOQAAEDI "QHE QA QD IQERIDAIQR'A & A QD 6 FIDIO QQQE O
0 OOOQIDED ¢ ORI | FINIO QEDET QO E Q¢ Qb IQEWOCAN D @ QAL A FOIDID QQQE ©
0¢8 OOQEDED a ORI 1| KOO QAAEAI QOE QY Qb IV BEXHO QAAHAEQOBG T & 1&isn TQO

Therefore, this equation requires a P(A) which is the marginal probability. Accident
probability AP(A)O0O is assumed that it would
rate of the republic of Korea. In 2018, #nerage occupational accidenteraf the republic of
Korea was 0.54%. In case of likelihood such as P(human errors | accident), P(organizational
errors | accident) and P(technical errors | accident), calculated from the status of installation of
safety feice and safety measures for antes, in the analysis on FIRs are applied. There are six

likelihoods depicted in Tabk.13.
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Table4.13Six probabilities giverthataccident occurs

P(human error | accident, H|A) = 0.4¢ P(no human error | ac@dt, ~H|A) =0.585

P(organization error | accident, OJA) = 0.1¢ P(no organization error | accident, ~O|A) = 0.814

P(technical error | accide|A) = 0.3332 P(no technical error | accident), |A) = 0.6667

lnaddi ti on, P (human errors | no accident)
routine operation where care is requiredo fro
reliability assessment o0 izational ertorgd no attent) iBappliedy Ki r w

0.1 that fAsupervisor does not recognize the o
practical human reliability assessmento writt
no accident), the probaity of safety integritylevel (SIL) 2 from the IEC 62061 is 0.01 as

shown in Tablet.14

Table4.14Six probabilities giverthataccidentdoes nobccurs

P(human error ho acident H|~A) =001 P(nho human errorijo accident~H[A) =0.99

P(organization errorijo acident O~A) = 0.1 P(nho organization errorrjo accident~OFA) =09

P(technical error ho acident T|~A) = 0.01 P(no technical errorfo accident~T|-A) =0.99

With these values, eight posterior probabilities have been computed below:

P(accident | human erro)(3 organizational error) 5 technical erroix))

s z X % z X % z
s z X s z X s z 3 z X 5 z X s z X

=P(A|H ~O, ~T)

8 z 8 z 8 z 8
8 z 8 z 8 z 8 8 282871238

=0.13747 = 13.747%
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P(accident | human erra&)(3 organizational errod) 5§ technical erroi))

st szxsz
=PAIHE OB ~T)

8 z 8 z 8 z 8
8 z 8 z 8 z 8 8 28281728

0.00353 = 0.353%

P(accident | human erraj(3 organizational error) 3 technical errow))

_ XsZst sZ
_PQA‘|~HB~OBT) X sz x gz s 2 x § z x g z g FAY

8 z 8 z 8 z 8
8 z 8 z 8 z 8 82828128

=0.07902 = 7.902%

P(accident human eror(o )3 organizational errod) I3 technical errorx))

=PAIHEOBE~T) ————— s

8 z 8 z 8 z 8

8 z 82 8 z 8 z 8 8 2828128

0.24588 = 24.588%

P(accident | human erroj(3 organizational errox) i3 technical erroi))

— $ Z X ¢ 2% 8
_P@|HB~OBT) s z x gz s 2 3 z x g z 3 z X

8 z 8 z 8 z 8
8 z 8 z 8 z 8 8 2828128

=0.88749 = 88.749%
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P(accident | human erraj(3 organizational errod) I3 technical erron))

=PAI-HBOBT) — s s

8 z 8 z 8 z 8
8 z 8 z 8 z 8 82828 28

= 0.14932 = 14.932%

P(accident | human erroj(3 organizational errod) 3 techmical errorf))

=PA|HB OB T)

8 z 8 z 8 z 8
8 z 8 z 8 z 8 8 28281238

=0.94165 = 94.165%

P(accident | humaerror(x) 3 organizational error) I3 technical errorx))

- P@ |~HB ~OB ~T) X 5 z X S z X s z

X S z X S z X S z X $ z X 3 z X $ z X

8 z 8 z 8 z 8

8 z 8 z 8 z 8 8 2828728

= 0.00000006=0.000006%
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CHAPTER 5. RESULTS

th the

d e coi sainodn fifiNoon e ncpa beonte n t

regul atory safety certificationo, the chance
0.66 as showrbelowin Figure5.1
Safety management CEQ's safety interest Conmpany size |
High 153m | High 36.7mm | 1-49 96.1 ——
Medium 81.0 Medium  60.1 50-299 370
Low 370 low 3.20 Greaterthan 300  0.24
Safety training
High 9.9
Medium 224
Low 770 System relability |
Acceptable 100 p———
Not accpetable  .010
Type of tasks
Routine task 93.0
Non-routine task ~ 7.00
) 4
Human errors Organizational errors Technical errors
Occur 291) & Occur 120m | Occur 1.34
Does notoccur  97.1 Does notoccur  88.0 Does notoccur 987
A
Risk assessment Proper installation (Virtual fences)
Implemented 83.3 —— Proper 90.3 ——
Notimplemented  16.7 Improper 9.70
Regulatory Safety Certification
Notimplemented
Implemented

Y
Accident
Occur 0.66
Does notoccur  99.3

Figure5.1 Bayesiarbelief networkof theannualaccident probability by cobots using Netica
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Regarding other decision nod&ketica softwareshowsthe results in eactate below Tabls.1.

Table5.1 The annualaccident probability by the introduction of cobots

Number of safety certification Safety certification
Cobots implements does notimplement
1 0.52% 0.66%
2 0.9%% 1.09%
3 1.37% 1.54%

It showsthat the estimateannualaccident probability increases as the number of cobots
increasesspecifically, from one(0.66%) to three (154%), giventhatsafety certifications not
implemenéed The introduction of the safety certification system hpssitiveeffect on
decreasing thannualaccident probability from 0.66%f (ot implementefito 0.52% if
implementedlwith one coboby directly affecing the ratio ofproper installation from 90.3% to
99.9% in Figures.1

Regarding theéhree main errors, organizational errorgéidne most frequent probability
(12.0%)as showrnn Figure5.1 In terms ofimpact however, human errors hathe larges
impact onannualaccident probability as shown in Tal82 due tolarge fluctuation between the

lowest outcome: 0% occurs selected and the highest outcon®%:ddairs selected

Table5.2 The impact level of three main errors for tualaccident probability

_ Estimated annual accident probability
Three categories

The lowest The highes# Variance
Human errors 0.15% 17.5% 17.35
Organizational errors 0.57% 1.31% 0.74
Technical errors 0.47% 14.5% 14.03

" The probability when selected that the outcome has not fully occurred in the category
8 The probability when selected that the outcome has fully occurreuk icategory
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CHAPTER 6. SENSITIVITY ANALYSIS

Assumptionon how different factors interact with one another allow for probabilities to
be based on these assumpti@ensitivity analysis allows researchers to see how these factors
interact with one another, anelieson these assumptions amgasure the impacof
fluctuations by changg theinputs of each facto(Stallard, Mackenzie, & Peters, 2018he
Bayesiarbelief networkdiagramis able toextrapolatdo what extenthangingnputs will have
on target value Figure6.1 shows thathevariance ofaccident probability asach factor moves
from the bestondition tothe worstconditionwhile the other factorare fixed The outcomes
based orone cobot installedith no safety certification system. For instanéeafety trainings
fully high, theannualaccident probabilitys 051%, if fully low, it is 1.30% as ®enin Figure

6.1

Proper installation
Risk assessment
Type of tasks

Safety training

Safety management I
CEO's safety interest I
Company size I
0.5 0.5 0.75 1.0 1.25 1.5 175 2.0 9.0 (%)

Figure6.1 Sensitivity analysis for theannualacddent probability with one cobot installed and

regulatory safety certificatiogystemimplemented
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As shown in Figuré.1, the factor that has the largest fluctuation on the outcome is
system reliability.If system reliability isinacceptable, the probabyjliof accident occurrence
increass up to 9.15%However the level of system reliability has thenitations for
improvemenin usage or installatiostagesbut not as many in the stagesdesign and
manufacturinglt was assumeth this papethat cobds weredistributed only if they met
international standards such as ISO 15066, 1022&nd IEC 6@61 for system reliabilityDue
to this, this paper is inconclusive to ghgt safety reliability has the greatest impact on the
accident probability

The next largest variable factors @reper installation and risk assessméfrinstallation
is improper, the probability of accident occurrence increases up to 1.97teantpacts of
fluctuations from thévest state and the worst stetd .45%.If risk assessment is not fully
implementd, the outcome increases up to 1.85% and the impacts of fluctuations from the best
stateto worst state is 1.43%.

On the other handhtee factors belonging to organizational errors are measured with
relatively small vambility. It is estimated that thegption of P(O|A) is correspondingly small
compared to P(H|A), P(T|A) and also P(O|~A) is correspondingly big compared to P(H|~A),
P(T|~A).Thisis explained byrganizational errors affang accident probability, but &y may
have indirect effecten thechance of accident occurrence which means that human and technical
errors can cause occupational injuti@®ccur whileorganizational errors may play a role in a

multiplier for the increase of both errors.



40

CHAPTER 7. DISCUSSION

The model suggestellistrates howa Bayes belief networils applied to predican
annualaccident probability by the introduction of cohdtsorder to validate the modéhe
guestion podéded §heyl dvhéneasing fine conopar@andicator of
actual accident rate by industrial robots in Korea, the number of accidents by industrial robots
can be showrbut the number of workers who work witidustrialrobotsis not able to be
determinedThereforeresearchersompare with the arerage acciddmrate of the entire
manufacturing industry of Korea in 2018 a percentage 0f66%.This percentage is tlsame
annualaccident probabilitywhen usingone cobot ando safety certification systenthis is
classifieda s f a-v e s kagvéver, with he help of technological advancemsuath as
virtual safety fenceasinglight curtains with vision camera and potential collision sensor, the
accident intensity of cobots is expected to be lower than that of industrial.robistss due to
the decreasef speed angowerbefore collision even if there is a collision with unexpected
human behavior. From this point of view, cobots enable to decrease the work lossdagisis
concludethat cobots are safer than industrial rebeven thoug the number foaccidentsof
cobots and industrial robots are very similar.

Both the analysisn FIRs andthe sensitivity analysis ahe risk model indicate that
proper installation is the most influential factor on the chance of accident occurrencéh&rom
analysisof FIRs,the cause of 14 out of 28 cases was improypsallationof safety fences and
interlock for the entrancdesignedo keep the robot inaccessible to workers. This unsafe
condition carallow workers toenterinto a highrisk collisionzone withno regard forsafety.
However, the primary risk mitigation strategy of industrial robots thatssparate the robot

from workers is no longer applicable to cobdise physical cage needs to be replaced with a
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reliable, robust virtual cage tuarantee theafety of their human colleagues (Anne Jansen,

2018). To install this cage safely including the total cobots syshenmtroduction of the safety
certificationwould be areffective regulatory system at the government level. To realige thi

measure athe application levethe government needs tmnsider introducing qualifications or

licenses related to the installation of cobdtsis will raise the technological level for integrators
installing cobot s®6 c evicésand guipmentshck astghtrcatain, onl y s
vision camera and pressure sessoathave passethe safety certification system should be

distributed to the industry.

Another effective risk mitigation strategy derived from the risk magel implementan
effective risk assessment. The reductiomofualaccident probability was significant between
Ai mpl ementedod and fAnot i mplementedod. However,
implementation for risk assessment should be changed as +abwrcollaboation becora
more popularWhile isolation from humans has been the best way to prevent ac;ittent
now on,it is necessary toontrol andcooperate with robots which are the main hazards to
mitigate risk One of the practical approaches is ttish sssessmenbf cobots is not volume or
staticbased, but rather sequence or protessed that will change over time with the method
recommended by ISO 15066.

Next, the model points out the importance of safety measures duringpotine tasks
such as prgrammingrelocating and repairing. Due to the usability and versatility of cobots,
cobots have a chance to conduct themselves ofwtheaus tasks in the workplacaad due to
this, they will be frequently relocated and reprogrammed. Therefore, sophest safty training

and procedure should lbequired
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Promoting safety awareness through a Heglel of safety training for workers is
important. From the model, the difference in @amaualaccident probability between high safety
training and low saity trainirg is 079%. From the analysis of OIlIRs, it was recognized that
therehasbeen a number of accidents for skilled workers who have worked for over 20 years.
Therefore, trainings requiredor new employees as well as refresher courses needao be
progranmers, operators, and maintenance workers.

Anotherimplicationi s t hat cannot be overlooked is th
the safety management systalthoughtheir level of impact on thannualaccident probability
is relatively lowe than othefactors This is attributed to the fact thigiadershipffects the
formation of safety culture in the workpladecording to the KOSHA, the safety management
system refers to a management system that combines the safety managementgséatiopnb
CEbs safety interest . afaprioritydbythe@EO isstlefbuadatiopn ma n a g e
for this system. This functions through a ptimcheckaction cycle in a systematic and
autonomous manner. Higavel of the safety management systmmbinedwitht he CEOOG s
high-level of safety interegirevents accidenty the introduction of collaborative robots

It should not be overlooked tifieannualaccident probability will increase as the number
of cobots increase per cell. In this stuiyyasassumd that the risk will simply increase
linearly witheach conditionHowever there would be many factors to affeisk in real
environmentssuch as unintended movements due to the communication errors betuléple

cobots.
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CHAPTER 8. CONCLUSION

Thedemand ér colaborative robotss increasingapidly in the era of @industrial
revolution(Badri, Boudreatirudel, & Souissi, 2018)n the line with this trendhe
ocaupational injuries by cobots also is regrettably expected to increase. In this respect, it is
believed that this article is one initially attemptto suggest a BBN for the risk analy$ws the
introduction of cobots. This studhas strivedo obtan trustworthyprobabilitiesthrough the
analysis on OIlIRs, FIRs and national statisticge Republic of Koredn addition to this data,
notional data withenowned literature reviewaswellag he aut hor 6s experienc
years ofoccupatiomal safety and health field.
With the timely attempitherisk (BBN) model was developdahsed on the factors for the
annualaccidentprobability by cobotsThis gave outcome of 0.66%, given one cobot and no
regulatory safety certificatioms the validating process, the outconaas comparedith the
average accident rate of entire manufactumaigistry of Korea in 2018. Both were the same. It
can be intefrprsktyedd i havterange of accident freque
intensiy, that ofcobots isexpected to be lower thdhat of industrial robotsThis is due tavell-
rounded and sophisticated safety system components andstwbeaspeed and force limit
with virtual ferce. Nonetheless, accident rate and intensityuldnever be igorable.
Through theisk analysis witrBBN and sensitivity analysis, éseoutcomes
demonstraté how important it isto identify theoptimalstrategies for mitigating accident by
cobotsAs t he saying goes AANn ounce ,afmeaguesventi on
mentioned in the discussia@ne vital to accident preventioHowever this papefocuseson
threekey measures to mitigate the risk by the introduction of cdimsed onwhat is realistic

and effective.
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The firstmeasuras cobotghat hae secured safety reliabiligredesigned, produced,
and distributedt the design and manufacturing staget only should it be based on the result
of the sensitivity analysidut it should be done in accordance with the international standards
such adSO 15066, 10218,2and IEC 62061Even though this is out of the scope, this should
be carried in a big picture view.

The seconaneasuras that regulatory safety certification system at installation is an
urgent need in the government levehas thegreatest sensitivity of all of the measures, besides
the system reliability, anids effect for the accidemeduction ismagnificent

Last lut not leastimplemening an effectual risk assessméaoitowing the international
standards or regulations atthsage stage as enforced by the law and ISO 15066. This proactive
measure helps workers alongside cobots to recognize and control hazards in various conditions,
promote safety awarenessd finaly reduce the cobatelatedannualaccident probability as
well as costsConsequently, this paper suggests an effectual concept for preventing the cobot

related accident in the Republic of Korea as seen in F&jlre

1. Stage of 2. Stage of 3. Stage of

design and installation Usage
manufacturing

>> Compliance of
international

>> Regulatory safety jl>> Self-regulatory
certification risk assessment
system

standards by
OSH Act

Figure8.1 A stepby-step approacfor preventing the cobeatlated accident
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CHAPTER 9. FUTURE STUDY

This study is onef thefirst attemps that suggest a BBN for the risk analysis by the
introduction of cobotghis model should be reinforced further to include more factors and a
complete set ofektisions, mirroring actual situations in the future ané takre consideration to
use subjective probabilities through more robust data from expert group surveys or empirical
experiments.

These limitations also poiditoward a very powerful and useful@pach using
Bayesian belief network, based on subjectsseasments with notional data. Further stuslyds
to reflect and consolidatewith present limitationsind otheimportantconsiderations: cyber
security risks, environmental risks (e.g. electagnetic interferencegognitive factors,
regulatons, andstakeholder requirements. Moreovautomated guided vehiclesa | | ed A mobi |
r o b evhich tinove on autonomous platforms are the next challengaffety in the workplace.
Therefore, the future wtly should consider the limitations mentioned above totagisnore a

reliable model
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APPENDIX. PROBABILITY IN NETICA SOFTWARE

# The probability of occurrence for human errors in Netica

Type of tasks  Risk assessment  Proper installation (Virtual fenc... Safety training Number of cobots Occur Does not occur
Routine task Implemented Proper High 1 0.3 99.7
Routine task Implemented Proper High 2 2.8 97.2
Routine task Implemented Proper High 3 5.3 94.7
Routine task Implemented Proper Medium 1 2.8 97.2
Routine task Implemented Proper Medium 2 583 94.7
Routine task Implemented Proper Medium 3 7.8 92.2
Routine task Implemented Proper Low 1 5.3 94.7
Routine task Implemented Proper Low 2 7.8 92.2
Routine task Implemented Proper Low 3 10.3 89.7
Routine task Implemented Improper High 1 5.3 94.7
Routine task Implemented Improper High 2 7.8 92.2
Routine task Implemented Improper High 3 10.3 89.7
Routine task Implemented Improper Medium 1 7.8 92.2
Routine task Implemented Improper Medium 2 10.3 89.7
Routine task Implemented Improper Medium 3 12.8 87.2
Routine task Implemented Improper Low 1 10.3 89.7
Routine task Implemented Improper Low 2 12.8 87.2
Routine task Implemented Improper Low 3 15.3 84.7
Routine task Not implemented Proper High 1 5.3 94.7
Routine task Not implemented Proper High 2 7.8 92.2
Routine task Not implemented Proper High 3 10.3 89.7
Routine task Not implemented Praper Medium 1 7.8 92.2
Routine task Not implemented Proper Medium 2 10.3 89.7
Routine task Not implemented Proper Medium 3 12.8 87.2
Routine task Not implemented Proper Low 1 10.3 89.7
Routine task Not implemented Proper Low 2 12.8 87.2
Routine task Not implemented Proper Low 3 1553 84.7
Routine task Not implemented Improper High 1 10.3 89.7
Routine task Not implemented Improper High 2 12.8 87.2
Routine task Not implemented Improper High 3 15.3 84.7
Routine task Not implemented Improper Medium 1 12.8 87.2
Routine task Not implemented Improper Medium 2 15.3 84.7
Routine task Not implemented Improper Medium 3 17.8 82.2
Routine task Not implemented Improper Low 1 15.3 84.7
Routine task Not implemented Improper Low 2 17.8 82.2
Routine task Not implemented Improper Low 3 20.3 79.7




