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SUMMAllY 
This report contain• the re1ulc1 of a ca1e analy1i1 to identify 

potential expo1ur•• co robotic ha£ard1 durina maintenance activiti••· 
The operation studied waa • 19-cell •~COiiated ••••ably line that inc~uded 
25 robot• dedicated co •••eablioa • unit with• Lara• nullber of ,mall 
pa~c,. The mechodoloay for chi• atudy waa co uae 1011 of maintenance 
action• and diacua,ion with maintenance per1onoel to identify and 
quantify potential expoaurea to haaarda durin1 maintenance accivicie,. 
In thi• 1tudy, time of potential ha&ard expoaure vac defined aa cbe tillll 
a robot wa1 logged in • "down for maintenance" 1tatua, i.e •• tillll tbac a 
maintenance per1on performed• troubleahootina, repair, or adju1t .. a& 
task. For the maintenance action• 1tudied, 761 were deacribed aa done 
with power available co the robot and 431 •• done, in pas:1:, inaide the 
robot 1 1 work envelope with power available. Daca wa1 al10 collected on 
the number of piacn point• in each robot'• work envelope. For each robot 
in thi• aaaembly 1y1cea, there wa1 an averaa• S.4 min. per workday durin1 
which an injury in the course of normal maintenaace ai&bt have been 
po11ible. The data for the five monthl under evaluation indicated chat 
the mean expoaur• time for trouble1hootiag job• wa1 twice•• 10111 a, for 
simple repair and adju1t111ent joba. Baaed on the re1ult1 of thi• 1tudy, 
suggeation• are made for: (l) identifyina way• the aaaaufacturer can 
enhance the level of safety on it• robotic production Linea and 
(2) evaluacinc expo1ure ci .. , for calculatina injury incideac• rat•• for 
peraonnel who perform maintenance on robotic and pro1r .... ble 1yste ... 
Hanufacturinc engineer• 1hould conaider periodically reviewina robot 
syate• troubleahootina procedure• with maintenance per1onnel to identify 
potentially danaerou, 1ituacion1, and develop aafer method• for 
coapletin1 the vo~k. 

INTRODUCTION 
Fait robot motion toward fixed object, can injure robotic, technician, 

who unexpectedly get in the way (lef. 1-4). Two ways that worker• may 

become expoaed to d, .. h.aaard of fHt robot moc:ion toward fixed objects 

are: (l) they en,~r ,he robot'• work zoa• while the robot ia operatina 

aucoaatically, and (2) during a maintenance ta1k, which muat be done with 

drive power available, unexpected hiah apeed motion i• inadvertently 

initiated becauae of a human error in operating motion control 1vitchea 

or a control failure occur,. To aa1e11 ch• dear•• of unexpected motion 

ha&ard expoaure amona ~oboe mainc:enaace peraonnel, a data collection and 

analy1i1 project vaa carried out by a reaearcher fro• tlie Natiol!lAl 
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In1titute for Occupational S&fety and Health (NLOSH) with the cooperation 
of a l•'l'I• .. aufactu~ina coapaaJ. 

The .. aufacture~'• 1afety 1taff had been in1tructed to look for waya 

to enhance the level of 1afet1 on the facility'• robotic a11eably line, • 
• 

Thi1 activity coincided with a NIOSH project to evaluate ri1k factor• and 

expooure1 in robotic and pro1r .... bl• 1y1tea1. Jone• and Daw100 Clef. 5) 

have partially quantified expo1i.ru to weldiy robot bazard1 durin1 

maintenance downtime. A unique aapect of ch• aaaly1i1 reported here i• 

that it ia the fir1t attempt to quantify potential ha&ard expo1ure1 on a 

robotic a11eablt 1y1tem. 

llACKGiOUND 

The potential for interaction between robot downtima and injury and 

the po11ibility of u1ina downtime record• co•••••• potential expo1ure1 

have been di1cu11ed in other 1tudie1 on robotic 1y1tea 1afety •••••• .. at 

Clef. 6 and 7). Al10, quantitative information i• 1lovly beina aatberecl 

and analyzed on how progr .... ble automation affect, 1afety perforaance. 

Primovic and Karwow1ki Clef. 8) compared 1afety performance for the year 

before and the year after pro1r ..... ble autOliMltion wa1 introduced into a 

di1hwa1her aa,eably liAe. Thia coapari1on found that the overall 

incidence race for medical ca••• and fir1t aid ca1e1 decreaaed Eroa 11.2 

to 5.7 injurie• per 200,000 worker-houri. However, further reaearcb i• 

needed in thi• area becau1e thi1 1tud1, which calculated an overall rate 

for the entire facility, did not focua on hi1h-ri1k occupation,, 1ucb •• 

the m.aintenance per1rnnel, who would be •apec:ed to have 1reate1t 

expo1ure to progruaable auto11Ast~ou lrnLUdt. 

THE SYSTEM STUDI~D 

To conduct thia 1tudy, a i:ollabontive under1tanding va1 developed 

bettMen N10SB and the manufacturer. Haa.agemeot of one of tbe 

manufacturer'• autom.&ted line• waa already keeping record• on maintenance 

action• which facilitated th• data collection for thia 1tudy. A protocol 

for uaing thi• data for safety re1earch wa1 prepared by the N10SH Project 

Officer and 1ent to the 111&nufacturer for coaaent. Having received 

approval to proceed, th• on-site pha1e of thi• project took place in 

April of 1987. 

The a11ellbly line uaed in thia 1tudy haa 25 SCAIA robota in 19 cell• 

throu1h which the part• beina a11embled pro1re11. so .. of the•• cell• 

are located alona aut011Atic transfer line• while at other cell•, 

production per1onnel place filled totebox•• into lo&4in& atatioD.&. 
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Production per101JP•l al10 \fflOnitor tbe cell• aad clear j..-up1. Tb• 
workiaa area i1 well li1bted, rel.atively quiet, and clean. Soae of tbe 

1afac7 faacur•• on robotic cell• in chi• •!•t•• are: peri .. tar feaciaa, 
1afac7 aat1, liaht curtain•, warniaa li&bt1, and interlock, which •aa•a• 
whea ace••• door• are opeaed. 

The vor1t credible injury on thi1 line would be a fatality due to 

ao .. one1 1 head baiaa •truck by the robot ara or aad &ffector •• it 

une:pactadly move, at hith •P••d (for iaataace, toward one of tba piach 

area, in the r;obot' 1 u.Ki.111111 work voluae.) !1:po1ure co thil haaard 

occur, wheaever ,o .. one work• iaaide the robot'• work eavelope witb drive 

power available to the robot. 

ASSUMPTIONS 
In coaducting thia aaaiy1i1 it va1 a11uaed that: 

o the 1afety 1y1tem in place on thi• line wa• effective, but 

improvement• might be po11ible; 

o the riak of robot-related injury deer••••••• duration of ezpo1ure to 
potentially unexpect•d robot motion i• decrea,edi 

o acce11 to the line while Che line i1 in auta&1tic operacioa, evea 

though unlikely, i• po11ibl•; 

o a hum.n error initiating automatic operation while ,o .. one ia n~•r a 

robot on this line, even though unlikely, i1 po11ible and; 

o this i• an operational line for vhicb early control 1y1tea probl, .. 

have been solved. Given the abort tiae period 1tudied, the h.ilure 

rate for the control 1y1cem i• probably too lov co meaaure it• effect 

on the degree of unexpected motioa haaard. 

HETHOD 

A ~o-,uter generated liating of manually lo11ed maiateaaace actioa• 

involviaa robot 1y1tem maintenaace on thi1 •••eably line over a five 

month period v•• reviewed by the NIOSK Project Officer. Thia taak waa 

done with the help of per1onnel re,ponaible for the 1y1tea'1 aaiateaaace 

and safety. Information i• normally lo11•d into the maiaceaaace 

nutnaaement data baae a, follow,. The line operator call• in that a cell 

is 0 down." Thia call utabliahH the narc of dovnti.... Th• end of 

dovnti .. i• eacabli1hed when the maintenance P•~•onnel 101 in that the 

job i1 coapleted, Therefore, "wait for maintenance" i• included in ch• 

total elap,ed dovnti ... The liatina cate1ori1:ed aaintenaace action• 
accordin1 to vorkcell affected, date, maintenance done, aad .. iateaanee 

duration. For con1i1tent dotnati .. evaluation ia tbi• aaalysi1, only 

3 



a~tiooa which were completed the, ... day th•J were •t•~•d were 

con1iderecl. Thi• inforwacion va1 de1i1nated confidential bJ tb• coapen1 • 

Por Chi• 1cucly, each •ainteaance action va1 further de1cribed bJ three 

factor• vbich Vllr• added by 1afet1 and .. int•n•ac• per10DDel. Th••• 

were: taak type, dear•• of robot drive power available, and whether or 

not ,o .. of Lh• action va1 don• inaide th• robot'• work envelope. Th• 

thr•• ca1k type• were: crouble1hoociaa (findina a part plac ... nt 

problea). r•pairiaa (replaciaa a part), or adjuatin& (adjuaciq a atop),. 

The ta1k type va• •••iaaed by the Project Officer and the aaaufaecurer'• 

1afety er~ineer baaed ou th• aaintea.nce action deacribea. The 

aaintenanc• per1onnel vho had performed the work ver• Hked to code each 

action accordin& co dear•• of drive power available and vbether th• 

action va1 done iaaide the robot work envelope. Three Level, of drive 

power availability were: (A) the probl•• could be fised vitbout 

downtime, (B) robot power would noraally be available (poaaibly beca .. • 

,uotion va1 ne&ded r:o correct the prob lea), and (C) drive powr can be 

fully removed. [The per10DDel filliaa in th• cod•• indicated that DO 

ta1k1 ver• done in cateaory A.) Th• nuab•r and approziaat• 1i&e of 

potential trappina volume• in each robot'• maxiaua work envelope were 

noted by the NIOSH Project Officer (Se• Fiaure 1). 

POTEKTUL 
TKJPPIKC 
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Fig. L. Potential trapping volume• in the robot work envelope. 
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A conput•r 1•a•rated liatina of autoaatically lo11•d •top• at 

worlcc•ll• va• al•o •xaain•d durina th• data collection pha•• oi tbi• 

aa.al71i1. lt va• aaticipat•d ~hat thia li1tiD1 would provid• eapo1ur• 

iafon111cioa oa interveatioa• into the robot work envelope by production 

per1oaa•l to correct j..-up• and workflow di1ruption1. ~o'l!Nlver, when a 

line 1toppad for a probl•• at one work cell, ••••ral workcell• would b• 

lo1&•d 1tupped at th• .... ti ... lt wa• not clear which robot c•ll waa 

the cau•• of the •top Dor what wa• the nature of the inter:veatioa. 

T~erefor•. potential hazard ••po•ur•• ~y production per1oonel ar~ net 

con1idered in thi• analy•i•• 

The robot maintenance ••f•tJ data collected by the N10SB Project 

Officer were .. nually entered into a data baa• on an IIK 4361 coraputer at 

the NIOSH facility in Mor1antova. WV. A SAS procadure, LirltlST, wa• u••d 

to analyse potential expoaur• ti.Mi. L1F!1ZS'? ia a 1tati1tici,:. procedure 

suited to aDAly•i• of 1urvival ti .. , (potential expo1ure ti.aaa) under tba 

iaf lu•nc• o~ .:ovarianu. Th• covariablea here are th• 1roupiaa1 of t111k 

type, robot power availability, and work location. The output froa tbi• 

procedure included within 1roup raokina of expo•ur• ti.all• and mean 

expo•ure time•• 

RESULTS 

~onial Maintenance Expo•ur•• at Thi• Robotic A•••llbly Sy•t•• 

The mean repair ti .. wa• 115.3 ain. for 120 manually lo11•d 

m.ainten-oce action• durina th• 102 workday• •tudied. Of th•••, 761 wv.·• 
described u done with power availabl• to the robot, with 431 bc.i.1I:j 

"In/Available" action•• Io/available mean• that the maintena...:.a w•• 
perfon111d iaaide the work envelope with power available to the robot. 

For tbe 25 a1aellbly robot• in thi• •y•tea, a normal 11ainteoance expo1ure 

rate of 5.4 llin./robot-vorkday waa calculated. In other word•, for each 

robot in thi• a11ellbly •y•tea, there vaa on the avera1• S.4 ain. per 

workday during which an injury in the cour•• of normal maintenance mi1ht 

be po••ible. Thia doea not include corrective action expo1ure• for 

production per•onnel. 

Maint ,ance action• were about equally divided between those done inside 

th• work cell safety p2rimeter and t::t.oH done outaide the envelope (54% va 

46%). 
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e:xpoaur•• T.naide the Safety PeriMUr While R.obot Powr ~-IH Avai.lable 

(In/Avdlable) 

The .. an ti .. of action• done inaide the 1afety peri .. ter with power 

avajlabl• waa 144 min. Fi1ure 2 ahova a com~ariion between the frequency 

and duration of In/Available action• and all other action•. The fr~quency 

and duration of In/Available action• were ai1nificantly different fro• 

other action• (p<.05, Wilcoxon lank Teat). Hean expoaure for In/Available 

taeka wae much lon1er than for 611 other action• (144 min. v, 93.4 min.) 

1'1Z"----------------, 

0.8 

Probability 
that 
maintenance o.6 
actiQn is 
still in 
progress 0_4 

0.2 

t:J. • All other mailtenaoce il:tm 

100 200 300 «JO 
Cell downtime 

!Minutes ot ootential exPQSUte 
to unexpecled robot ITlltionl 

Fig. 2. Co111Pariaon between probable expoaure1 of In/Available action• and 

all other maintenance actiona. 

When work wa1 done in1idc any of 19 cell• with power available (See 

Table l) it va1 done in ti1e 1ame manner whether there were few or many 

potential trappin& volumea. 

Till.I l 

Potential trapping volume• inaide 
a cell'• protective peri .. ter 

Nuaber of In/Available action, 

0 l 2 3 

4 10 11 5 

4 5 
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TabJ.e 2 1hov1 •an expo1ure ti, ··".' · i11 ainutu) and nWlber of action, 

for troubleahootins, repair, and &wJUlt .. nt taak1 aaoaa all action, 

aaalyaad, In/Available action• only, and other action,. Examination of 

thia table reveal£ that troubleahootina take• the longe1t ti••· 

Adju1taent i• the next lensthi••t but perhapa only for In/Available 

action,. Repair take• the leaat time, and 1eem1 to take about equal time 

for both typH of action. 

TilLI 2 

Otber Ia/Anilabh Total 

action& actiou 
Mean Mean Kean 
ti.- n ti.- Cl ti.- n 

Taak type (ai1d (Ilia) (Ilia) 

Troubleshootina 353.J 2 222.a 13 240.2 l5 

Adju1taent 80.2 26 138.1 25 108.6 51 

Repair 88.9 40 81.5 14 87.0 S4 

Total 93.l 68 144.0 S2 US.l 120 

Furthermore, In/Available action, take more time overall, but only 

becau,e th• ta1k type di1tribution i1 different betveen the action,. The 

other actions are more heavily weighted toward repair while the 

In/Available action• are weighted more tovard adju1tment and 

trouble1hooting. 

CONCLUSIONS 

The manufacturer 1hould conaider: 

Periodically reviewina 1afe robot sy1tem trouble1hooting 

procedure• with maintenance personnel. These rev1ev1 1hould hi&hlight 

hazardou~ pinch points to avoid, safe procedure, to u1e if interlocks are 

bypa11eli. ,,.1d vigilance again1t inadvertent uH of manual re1tart 

switch••• This recommendation is made because the dAt& for the five 

month• under evaluation on this 25 robot, 19 cell system, indicated that 

the mean cxpo1ure time for jobs which required troubleshooting was twice 

•• Lona as for 1imple repair and adjustment job,. 
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Inveati1atia1 vay1 to en,ure effective ener1Y control durlg 

action, done inside· a vorkcell'• 1afety perimeter with power availa~l• LQ 

the robot (In/Available action,). Safety device, which protect vorkera 

inaide current ~•fety perimeter• (e.g., ultra,onic, voice recosnition, 

capacitance, preaaure mat1) 1hould be con1idered, The mean tima of 

In/Available action• va1 144 min, The frequency and duration of 

ln/Available action, were 1ignificantly different from other ta1k1, H .. n 

expo1ure for In/Available action• va, aaK:h longer than for all other 

action, (144 min, v, 93,4 min,), 

Ulin1 Table 2 H a mainten.nce hazard expo111re bueliae •&ainat 

whi~h to compare contemplated ctwngee in 1y1tea de1i1n, Oe1ign change, 

which can reduce maintenanc• expo1ure time• b•lov th• mean value• 1hovn 

in Tabl~ 2 would have a po1itive effect on hazard level, 

Adding~ category to maintenance logging progr ... which vo~ 

permit maintenance per1onnel to log safety concern,, Maintenance data 

systema such aa the one whir.h vaa uaed for thia analyaia ~ould provide an 

important reaource for identifying aafety concerna, If IWlinte~nce data 

reprogramming for better safety aurveillance ia undertaken, safety 

aurveillan~e compatibility with the progr&ma which automatically 101 

production stop• should be part of the project, 

NIOSH should conaider: 

Using type of robot application•• a factor in epidemiology 

,tudies of risk• Haociated with robotic,, Aa reported here, reliable 

data va1 available on potential robotic• hazard expoaurea for an ••••ably 

application, NIOSH should make prudent uae of thia kind of reaource on 

other application• when determining robot-reiated injury inciden(e and 

aeverity rat••· For example, the amall size of trapping areaa and 

elevated location• of aaaembly robot• make it seem unlikely that 

someone's body would be entrapped, while injuriea to the head and handa 

would seem more likely, 
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- Uaina •mall nonaal ezpoeure ti .. per robot maintained•• a factor 

when coaparibd injury incidenca r•t•• at robot •Y•t•aa with retea at 

conventio1U1l machinea. For each robot in thi• •••emi,ly 1yatem, there v•~ 

an avera1e 5.4 min. per workday duriD1 whicb an injury in the cour•• of 

normal m.aintenance mi&ht be poeaible. At conventional machine •Y•t ... 

with hi&h number• of worker coa;~~•ation injury ca••• thsre i1 frequent 

intervention into zone• of potenti.l, unazpe~ted machine motion. 
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