J Ergon Soc Korea 2024; 43(1): 41-60
E K https://dx.doi.org/10.5143/JESK.2024.43.1.41
https://jesk.or.kr eISSN:2093-8462

A Review on Ergonomic Requirements of the

Industrial Robots

Beom Su Kim, Alivia Kirana Hartono Putri, Krishna Sahithi Karur, Geun Ryeong Choi, Sang Ho Kim

Kumoh National Institute of Technology, Department of Industrial Engineering, Gumi, 39177

MAE 220 #

ol 0|7|-_g'<'5|-J51I _Q_:rLM-é-)l- InkS;

-_L-O M =

U™ 4= Alivia Kirana Hartono Putri, Krishna Sahithi Karur, 2@, ZAS

[=]
S23otetn MHgIet

4

Corresponding Author

Sang Ho Kim

Kumoh National Institute of Technology,
Department of Industrial Engineering,
Gumi, 39177

Email : kimsh@kumoh.ac.kr

Received : October 25, 2023
Revised :January 28, 2024
Accepted : February 05, 2024

Copyright@2024 by Ergonomics Society

of Korea. All right reserved.

Objective: This study identifies the critical ergonomic requirements and their
hierarchical structures that need to be addressed during the evolution from traditional
industrial robots to collaborative robots. It also delves into how the relative importance
of each user requirement changes with the evolution of technology.

Background: User-centered design is becoming increasingly crucial as technological
advancements enable industrial robot systems to perform diverse and complex
interactions. Therefore, it is necessary to identify how the characteristics of user needs
change as technology advances.

Method: We conducted a systematic literature review, selecting 30 articles using the
PRISMA method to identify ergonomic requirements. We then mapped the user
requirements to quality characteristics and found the frequencies. Subsequently,
we carried out Chi-square tests to determine if there were significant differences in
the frequency of occurrences for the user requirements over time.

Results: The literature review identified 17 user requirements. Our findings revealed
that the frequency of quality characteristics mentioned related to usability and
enjoyment increases with the advancement of robotics technology. However, all the
hypotheses we formulated to show the relationship between the evolving importance
of each user requirement and technology maturity were found to be invalid statistically.

Conclusion: As the level of collaboration of industrial robots evolves, the importance
of user requirements is changing. In the past, factors like functionality, performance,
and safety were the primary focus, but as technology advances, user requirements
related to usability and enjoyment gain greater importance. Therefore, these attributes
should be integrated into the development phase for a user-centered design approach
in the future of collaborative robot systems.

Application: Our work provides insight to developers into the user requirements that
should be considered for effective interactions between humans and collaborative
robots. Through this study, we hope to see collaborative robots developed with a
direction of improving the user experience and increasing overall user acceptance.

Keywords: Collaborative robot, Industrial robot, Ergonomic requirements, QoE,
Human-robot interaction
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1. Introduction
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2. Background
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1960 - 2004 2005 - 2015
(1% Generation) (2" Generation)

HRC Level 0
No coexistence

The stage of working without collaboration
in a workspace separated by a fence.

HRC Level 1
Coexistence

The stage where there is no fence, but
the work and workspace are still separated

HRC Level 2,3

Cooperation, Collaboration
The stage where humans and robots work Establishment of ISO/TS 15066
together on the same workpiece

by sharing the workspace

Figure 1. Evolutionary stages of human-robot collaboration
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3. Method

3.1 Research hypothesis and procedure
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Table 1. Keywords used for systematic searching

Keyword group Keywords
User requirements keyword group "User Requirements" OR "User Needs" OR "User Reviews" OR "User Opinions"
"Cobot" OR "Collaborative Robot"
"Manipulator" OR "Robot Arm"

Robot technology keyword group

Application field keyword group “Industrial Robot" OR "Industry" OR "Manufacturing"

Technical user keyword group "Worker" OR "Operator"
PRISMAE= Figure 22t 22 S22 FHSIRUCE 7|&E MY ZROIM 10407, s ZX0IM 208742 20| HMEZ|AUn 2AH 7|
YEE 2F ZHstes B8 29 1407HE M 1108708 HE W22 MHESRUCL M=l £5S 7|FQE 14 HEE MHsHH
A 7I HYEE ER S EZXO| S THE AMEAF ARSI 30| Gl= 29 89470 Mt 2147 =2dE MESIAULE
1XF MEE ZHOM =M, S 20| siEots 2o 2R A 2 MO YHYE BH 2HE MLt 2 AF 307 20|

theh A& & 245 TASHACH
Number of Records Number of Records
about about
Traditional Industrial Robot Collaborative Robot
(N = 1,040) (N =208)
Number of Records after Duplicates Removed
(N=1,108)
Records Screened Records Excluded
>
(N=1,108) (N = 894)
Full-Text Articles Assessed for Eligibility ) Full-Text Articles Excluded, with reasons
(N =214) (N = 184)
l - Literature without mention of user requirements
N K . A - Books, dissertations
Studies Included in Qualitative Synthesis - Literature focusing on robot design
(N =30) and control methods

Figure 2. PRISMA flow for systematic literature review

4. Result

4.1 Hierarchy of user needs based on quality characteristics classification

M PRISMA 1HEO| olsh X|F MFE 30742 2H0|M AHEXF RFAYE =E517| fIs] AHBY &I 2 M (Hancock et
al, 2005; Alonso-Rios et al., 2009; Preece et al, 2015) & SO EZF(SO/IEC 25010, 2011)M|A2| EE EHd== 12{5}0] Aarron Walter
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Table 2. Classification of quality characteristics based on the hierarchy of user needs
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HH

A

Hierarchy of Quallty . Definition Reference
user needs characteristic
The extent to which people can tailor their tools to enhance
S ) . . . Hancock et al., 2005
Individuation the pleasure and effectiveness of their personal interactions )
. Lo Alonso-Rios et al., 2009
that varies among individuals.
Pleasurable
Subiective The system's ability to attract and maintain the user's Hancock et al., 2005
satigfaction attention, as well as the degree to which users find the Alonso-Rios et al,, 2009
system satisfying in terms of sensory experiences. ISO/IEC 25010, 2011
. . Hancock et al., 2005
Ease of use The degree to which the system is clear and easy to use Alonso-Rios et al, 2009
Efficienc The system's ability to yield suitable outcomes in exchange Alonso-Rios et al., 2009
y for the resources invested. Preece et al,, 2015
Usable Flexibili The system's ability to carry out appropriate functions Alonso-Rios et al. 2009
Yy based on the context. !
Hancock et al., 2005
. . . Alonso-Rios et al., 2009
Learnability The extent to which the system is easy to learn to use. ISO/IEC 25010, 2011
Preece et al, 2015
Maturity The extent to which a systgm, product, or component fulfills ISO/IEC 25010, 2011
the requirements for reliability during regular operation.
Robustness The system's ability to resist errors and adverse conditions. Alonso-Rios et al., 2009
Reliable
Hancock et al., 2005
Safet The ability to mitigate or prevent risks and potential harm Alonso-Rios et al., 2009
y resulting from the system'’s usage. ISO/IEC 25010, 2011
Preece et al, 2015
Functional ApDropriatenass The extent to which the functions support the user to Hancock et al., 2005
pprop achieve the defined tasks and objectives. ISO/IEC 25010, 2011
48+ 5 oot 2SSt X
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Table 2. Classification of quality characteristics based on the hierarchy of user needs (Continued)

Hierarchy of Quallty . Definition Reference
user needs characteristic
Completeness The extent to which the set of functions encompasses all Alonso-Rios et al, 2009
P the designated tasks and user objectives. ISO/IEC 25010, 2011
Functional : -
Correctness The extent to which a product or system delivers accurate ISO/IEC 25010, 2011
results with the required level of precision.

4.2 Ergonomic user requirements

30742 ERHOIA 2R 7
o dAAToM =5

Table 3. Derived ergonomic requirements

(o
oot
e

Quallty . User requirement Reference
characteristic
Individuation Worker adaptability [17] Tahriri et al, 2015; [19] Dean-Leon et al., 2017, [30] Psarakis et al.,, 2022
[5] Pires, 2005; [8] Jen et al., 2008; [9] Norberto Pires et al., 2009;
Subjective User friendly [14] Pedersen et al., 2014; [15] Zhou et al., 2014; [17] Tahriri et al., 2015;
satisfaction interaction [20] Bedaka and Lin, 2018; [22] Michalos et al., 2018; [26] Dianatfar et al., 2020;

[28] Prati et al, 2021; [29] Reyes-Uquillas and Hsiao, 2021

Ease of use

Sufficient information

[9] Norberto Pires et al., 2009; [12] Sun et al,, 2011; [28] Prati et al.,, 2021

Straightforward
programming

[8] Jen et al, 2008; [10] Chong et al., 2009; [19] Dean-Leon et al, 2017,
[25] Chacko et al, 2020

Easy to execute

[4] Sales et al., 2004; [7] Bernhardt et al,, 2008; [9] Norberto Pires et al.,, 2009;
[10] Chong et al., 2009; [13] Soh et al., 2012; [14] Pedersen et al, 2014;

[15] Zhou et al, 2014; [16] Madsen et al., 2015; [17] Tahriri et al., 2015;

[19] Dean-Leon et al, 2017; [20] Bedaka and Lin, 2018; [23] Annem et al,, 2019;
[27] Solanes et al., 2020

Efficiency

Cost efficiency

[2] Seliger, 1988; [3] Ranky, 2003; [5] Pires, 2005; [7] Bernhardt et al.,, 2008;
[19] Dean-Leon et al, 2017; [20] Bedaka and Lin, 2018; [25] Chacko et al., 2020

Time efficiency

[3] Ranky, 2003; [5] Pires, 2005; [13] Soh et al,, 2012; [16] Madsen et al., 2015;
[17] Tahriri et al, 2015; [20] Bedaka and Lin, 2018; [22] Michalos et al., 2018;
[23] Annem et al, 2019; [27] Solanes et al., 2020

Flexibility

Suitable function

[3] Ranky, 2003; [6] de Oliveira et al, 2008; [7] Bernhardt et al.,, 2008;

[10] Chong et al., 2009; [12] Sun et al, 2011; [13] Soh et al,, 2012;

[14] Pedersen et al., 2014; [16] Madsen et al., 2015; [19] Dean-Leon et al,, 2017,
[21] Copot et al, 2018; [22] Michalos et al., 2018; [24] Fletcher et al., 2020;

[25] Chacko et al,, 2020; [28] Prati et al., 2021; [30] Psarakis et al., 2022

Learnability

Easily understandable

[7]1 Bernhardt et al., 2008; [14] Pedersen et al, 2014; [27] Solanes et al., 2020

http://jesk.or.kr
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Table 3. Derived ergonomic requirements (Continued)

Quallty . User requirement Reference

characteristic
[1] Sweet and Good, 1984; [2] Seliger, 1988; [3] Ranky, 2003; [5] Pires, 2005;

Maturit Stabili [6] de Oliveira et al., 2008; [7] Bernhardt et al., 2008; [8] Jen et al.,, 2008;

y ty [10] Chong et al., 2009; [11] Naumann et al, 2010; [13] Soh et al, 2012;
[14] Pedersen et al., 2014; [19] Dean-Leon et al., 2017; [20] Bedaka and Lin, 2018
Fast recovery [11] Naumann et al, 2010

Robustness Fault tolerance [9] Norberto Pires et al,, 2009; [15] Zhou et al., 2014; [16] Madsen et al, 2015;
[21] Copot et al, 2018
[7] Bernhardt et al,, 2008; [8] Jen et al, 2008; [10] Chong et al., 2009;

Safety Human safety [11] Naumann et al, 2010; [13] Soh et al,, 2012; [15] Zhou et al., 2014;

[16] Madsen et al,, 2015; [18] Kuts et al,, 2017; [22] Michalos et al,, 2018;
[26] Dianatfar et al, 2020; [29] Reyes-Uquillas and Hsiao, 2021

[1] Sweet and Good, 1984; [2] Seliger, 1988; [3] Ranky, 2003; [4] Sales et al,,
2004; [6] de Oliveira et al,, 2008; [7] Bernhardt et al., 2008; [9] Norberto Pires
Appropriateness | Functional extension et al, 2009; [10] Chong et al., 2009; [12] Sun et al., 2011; [20] Bedaka and Lin,
2018; [23] Annem et al, 2019; [27] Solanes et al,, 2020; [29] Reyes-Uquillas and

Hsiao, 2021
Optimizing robot [1] Sweet and Good, 1984; [8] Jen et al, 2008; [10] Chong et al.,, 2009;
trajectory [12] Sun et al, 2011; [23] Annem et al,, 2019
Completeness [1] Sweet and Good, 1984; [2] Seliger, 1988; [3] Ranky, 2003; [6] de Oliveira
Sensing caabilit et al, 2008; [7] Bernhardt et al., 2008; [8] Jen et al, 2008; [11] Naumann et al.,
9 cap y 2010; [13] Soh et al, 2012; [15] Zhou et al., 2014; [18] Kuts et al., 2017;

[19] Dean-Leon et al., 2017; [22] Michalos et al., 2018; [23] Annem et al., 2019

[1] Sweet and Good, 1984; [2] Seliger, 1988; [7] Bernhardt et al., 2008;

[9] Norberto Pires et al, 2009; [10] Chong et al,, 2009; [12] Sun et al, 2011;
[13] Soh et al., 2012; [15] Zhou et al, 2014; [21] Copot et al., 2018; [23] Annem
et al, 2019; [25] Chacko et al,, 2020; [29] Reyes-Uquillas and Hsiao, 2021

Correctness Robot precision

Hate 7 YA 7150 st 2FARIO2E Functional Extension, Optimizing Robot Trajectory, Sensing Capability, Robot
PrecisionO| A/'"HE|R{Ct. Functional Extension2 20| CIY3t 7|58 A2 & U= sHE HIRH 7|sS Y = UL MER
o

7lsg %7t

[}

o

>\l

FIhg = A= Ao ot SO|LE Optimizing Robot Trajectory= 22 H& X H3lE S & & Z=0| CHsh ALY
= B5510] Z=S HStALE AL HgsdS Hdste A0 BATE UL Sensing Capability= 012 MME &3 5= X =28t
20| 2q&st M2 ARt Au 2ol el Q722 Y A 523t 7|5 F SILIO|CE Robot Precision2 FY &Y, AAL
DM & 229 YLUshnt 23 El ALY 9 A sHut 22 QA0|Ct O|HE, 7| A ALEA @7AtEI2 =2 2£29| &
P+ s HAHAE @ASE O[F0(M UCt
ME[YE F2 OFH 2 gFArto|L Fd AYg FRISts A4t 2H0| UL Stabilitys 2F LA W EA319 HE0 B 7t
AN MEZ 2FE SFA7|= A0| BB AFHO|CE Fast Recoverys= 7L 28A o8 2 Al WE2H 3|S5t HAHQ
HAZ TUE = URE = QA0|C Fault Tolerances 2F X AE0| EMi= MEs| WAL 0| £sH= Ant 2t ULk
Human Safety= AMEAI2| QMM E EE3t= Z4t BHE AR SHE AMSHH TAHLE A|IAH-O0| 2 JHsdS 245t Bt &
EE XSt & T YS AT THE AIZO|CE E3|, QHHO| 25t Q TAIRS A2 E FRA| 0{AHX| LD U= aFARO|
CHSun et al, 2023; Wang et al., 2024).
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Figure 3. Correlation matrix

4.3 Frequency analysis
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T 519 &9 @ FAME2 QoK Al ofL|2t ZEOEHAM L £F SREs Y4S W) HHH, ALEY EH @ TARS 2 26.32%,
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Figure 4. Distribution of requirements by human-robot collaboration levels
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Table 4. Chi-square analysis between 1%t and 2" generations of traditional industrial robots of user requirements

. Trad[tional Hierarchy of user needs Total X2
industrial robot Functional Reliable Usable Pleasurable (p-value)
1%t Generation 9 (47.37%) 4 (21.05%) 5 (26.32%) 1(526%) 19
21 Generation 13 3421%) 9 (23.68%) 13 (3421%) 3 (7.90%) 38 (gzggé)
Total 2 13 18 4 57
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Table 5. Chi-square analysis between 1% and 3 generations of traditional industrial robots of user requirements

' Trad[tional Hierarchy of user needs Total X2
industrial robot Functional Reliable Usable Pleasurable (p-value)
1t Generation 9 (47.37%) 4 (21.05%) 5 (26.32%) 1 (5.26%) 19
3 Generation 10 (34.48%) 5 (17.24%) 11 (37.93%) 3 (10.35%) 29 (2)38;)
Total 19 9 16 4 48
Table 6. Chi-square analysis between 2"¢ and 3" generations of traditional industrial robots of user requirements
. Traditional Hierarchy of user needs Totl X
industrial robot Functional Reliable Usable Pleasurable (p-value)
2n9 Generation 13 (34.21%) 9 (23.68%) 13 (34.21%) 3 (7.90%) 38
3 Generation 10 (34.48%) 5 (17.24%) 11 (37.93%) 3 (10.35%) 29 (83%)
Total 23 14 24 6 67
S 220 AL ZANE H2[P Table 72 ATHEH MO ZAIGI0] AFRAMOY B 2 TARS0| ZtZE 104(35.72%), 87(42.11%) 22
7Kg Ol UEILtD oh EXF 2 @A 9Al Z7|RH 7|E U4HE X OH 2 HIE2 UELtD o B 7|59 o
19 AL ZZF 6H(2143%), 27(1053%) 22 7|Z A9 2B [fH| A wWalz|n QC == HIEE EONZ 710N S

2ol 2
dot 2t pvalue?t 01982 SHHLZE ROISHA| Has oI/t

Table 7. Chi-square analysis between 2" and 3" generations of collaborative robots of user requirements

Collaborative Hierarchy of user needs Total X2
robot Functional Reliable Usable Pleasurable (p-value)
2% Generation 6 (2143%) 9 (32.14%) 10 35.72%) 3(10.71%) 28
34 Generation 2 (10.53%) 3 (15.79%) 8 (42.11%) 6 (31.58%) 19 (g:?;g)
Total 8 12 18 9 47
£ HE JME2 7|E M8 EED HE 2RO 7| Y ATOM AFBR QAR S FAo| Xt0|7t JEX] YOLEIR} 4=
O Table 80IA 2 7|2 & =& A7|0fAQf HIE S 7?%?:-“6' ZA0E FeCE 7|E A8 2R 2% Y AF0 75
A QAR BI=TF JHE A LIEILID QICH HHH & 229 42 =g AIFEH MEY sidsts 2 FArRe| BIZTt 7t

Table 8. Chi-square analysis in the early stages between traditional industrial robots and collaborative robots

Hierarchy of user needs X2
Total |
Functional Reliable Usable Pleasurable (p-value)
15t Generation o o o o 3.598
(Early traditional industrial robot) 9 (47.37%) 4 (21.05%) > (26.32%) 1(5.26%) 19 (0.308)
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Table 8. Chi-square analysis in the early stages between traditional industrial robots and collaborative robots (Continued)
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