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Abstract

Industrial collaborative robots have become increasingly important in recent years

due to their ability to work safely and efficiently alongside humans. As a result, there

is a growing need for evaluation standards to ensure the quality of collaborative

robots. However, existing studies only consider system‐centered and technical

aspects of collaborative robots, and there is a lack of research on user‐centered

quality evaluation. In this study, we identified 21 user requirements based on a user‐

centered design framework and confirmed the limitations of existing quality

standards by reviewing the standard clauses for collaborative robots. It was found

that user needs to be related to performance, safety, and even usability and

enjoyment are already being expressed according to the user‐centered design

framework, but the quality standards for these needs only present design principles

or do not consider them at all. This study provides information on the quality

attributes that need to be fulfilled to satisfy user requirements and suggests the

need and direction for further research on the user‐centered evaluation of

collaborative robots. Accordingly, the user's perception and experience of

collaborative robots are expected to improve.
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1 | INTRODUCTION

Over the past three decades, industrial robots have been developed

to replace humans in performing repetitive, dangerous, and tedious

tasks (Gasparetto & Scalera, 2019; Hvilshøj et al., 2012). Traditional

industrial robots have been deployed to perform tasks in workspaces

separated from human operators by fences to increase productivity

and reduce costs through automation (Hägele et al., 2016;

Papavasileiou et al., 2022; Sandini et al., 2018). However, industrial

robots cannot adapt efficiently to dynamic changes in manufacturing

processes caused by manufacturing paradigm shifts, such as the

production of customized products (Arents & Greitans, 2022).

Collaborative robots, which can combine the advantages of robotic

automation with the flexible thinking capabilities of human workers,

are emerging as a solution to these problems (Faccio et al., 2020;

Kadir et al., 2018; Perez‐Ubeda et al., 2019).

Due to the growing importance of collaborative robots, the

International Organization for Standardization (ISO) has published

standards for industrial collaborative robots, such as ISO 10218 and

ISO/TS 15066. Most of the proposed standard clauses present

technical requirements in terms of system performance for operating

a robot in a collaborative environment between a collaborative robot

and a human operator (Francesco & Paolo, 2017). However, even if

the specifications of collaborative robots satisfy a high level of

performance, these system‐centered standard clauses may cause

problems with user trust and acceptance of new technologies in the
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actual commercialization stage of collaborative robots. In particular,

collaborative robots equipped with artificial intelligence technology

capable of knowledge‐based behavior will enable more complex and

diverse interactions (Borboni et al., 2023). A gap between the

intentions of technology developers and the needs of users can lead

to improper interactions that not only reduce user satisfaction but

also lead to safety issues. To elicit intention to use and increase

satisfaction, it is necessary to reflect on user needs when evaluating

the quality of collaborative robots. However, existing standards only

measure technical performance levels as an indicator of quality

without considering user needs. To address these issues, it is

necessary to shift toward a user‐centered design approach, surpass-

ing system‐centric quality standards (Kaiser et al., 2018; Wang

et al., 2019). User‐centered design is based on ergonomic principles

that consider the physical, cognitive, and psychological character-

istics of humans when developing a product or system (Zöller, 2019).

It focuses on the needs of users to improve the safety, efficiency, and

satisfaction of the product (Lanter & Essinger, 2017; Still &

Crane, 2017). In this respect, existing system‐centered quality

standards have limited the ability to incorporate ergonomic evalua-

tion methodologies into the design approach. To apply ergonomic

evaluation methodology to the technology development stage, there

is a need to expand the concept of quality standards and redefine

them according to the user‐centered design framework.

The development of collaborative robotics has evolved from its

early stages, when robots were perceived as a threat to human

safety, to a point where robots and humans have collaborated to

achieve common goals (Vicentini, 2021). Human–robot collaboration

(HRC) is generally categorized into four levels: no coexistence,

coexistence, cooperation, and collaboration (Aaltonen et al., 2018).

With the advent of the Third Industrial Revolution, rapid industrial-

ization, and automation, the concept of robots first appeared, and

robots that perform tasks autonomously or semiautonomously

through programming were introduced. In the early days of robotics,

robots in the “no coexistence” level were designed to work in

physically separated workspaces through fences, away from human

operators, without collaboration (Oberer‐Treitz et al., 2013). These

robots were programmed to perform specific repetitive tasks and

could not adapt to changing environments or collaborate with

humans (Malik et al., 2020). The main focus at this level was to

improve the functions of robots such that they could perform tasks

more accurately and efficiently (Singh et al., 2013). As the 21st

century progressed, robots became more capable owing to advances

in sensing technology and information and communication technol-

ogy (ICT), and collaborative robots at the coexistence level began to

be deployed in collaborative spaces alongside human workers (Weiss

et al., 2021). However, robots are designed to work separately from

humans, and safety protocols must be developed to separate workers

and robots to prevent accidents (Arents et al., 2021; Medina

et al., 2019; Pedrocchi et al., 2009). The main focus of this level

was to ensure the safety of the human operator from possible

hazards around the robot, and it is currently the most widely applied

HRC level in the industry (Murashov et al., 2016). Starting at the

cooperation level, collaborative robots are designed to work along-

side human operators, share tasks, and collaborate to achieve their

respective goals (Hietanen et al., 2020). At this level, collaborative

robots focus on improving Human–robot interaction (HRI) and should

be designed to be more flexible and adaptable to work in dynamic

environments where tasks and goals can change quickly (Dmytriyev

et al., 2021). Although several researchers are working on efficient

HRI (Kokotinis et al., 2023; Tzavara et al., 2021), numerous obstacles

remain to be solved before collaborative robots can be commercial-

ized (Borboni et al., 2023). At the collaboration level, robots and

humans work together equally to share knowledge and technology,

and accomplish a common goal (Chowdhury et al., 2020). At this

level, the collaborative robot should learn from the human operator

and adapt to its work style. This level should emphasize making the

robot more intuitive and user‐friendly to enable the human operator

to interact with the robot more naturally (Chowdhury et al., 2020).

In this context, a user‐centered design framework for ensuring

the quality of collaborative robots should reflect the coevolving

nature of technological advances and user needs, as shown in

Figure 1. In general, user needs are not fixed but rather change in

response to technological developments, social trends, and economic

factors (Wang & Yu, 2016). With the increasing use of collaborative

robots in various fields, it is essential to verify whether these robots

F IGURE 1 Technology–user needs coevolution.
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satisfy the required quality standards (Box, 1983). The dynamic

characteristics of user requirements that determine the quality of

collaborative robots need to be identified and structured, and

reflected in evaluation metrics (Franklin et al., 2020; Khamaisi

et al., 2021; Prati, Peruzzini, et al., 2021). User‐centered quality

standards can help companies' developers, researchers, and decision

makers to identify the individual fulfillment of user needs, which can

be used to formulate technology management strategies during the

technology development process. The design of user‐centered

ergonomic standards for collaborative robots to secure the technol-

ogy acceptance and trust of human workers can be revived according

to the needs of workers to prepare actively and efficiently for

changes in the international business environment (Gualtieri

et al., 2020; Pizzagalli et al., 2021; Prati, Villani, et al., 2021).

To identify the main challenges in setting up an industrial

environment for HRCs, Kumar et al. (2020) proposed a conceptual

taxonomy diagram for HRCs and identified quantitative metrics to

evaluate the safety, performance, and productivity of HRCs. The

study by Valori et al. (2021) outlines emerging needs and trends in

safety test procedures based on an overview of safety‐related

collaborative robot standards, and proposes a new cross‐domain

approach based on safety technologies and test protocols. Segura

et al. (2022) mention the insufficiency of safety standards related to

collaborative robots and extend the safety standards baseline by

analyzing how safety and related standards and technologies are

integrated to transform collaborative robots into full teams with

human workers. Despite this effort, no study has analyzed the clauses

of the standards based on the requirements of the workers that may

appear in HRC environments to consider their needs from an

ergonomics perspective.

Therefore, by classifying the standard clauses applicable to

collaborative robots according to user requirements, this study

identifies the limitations of the existing quality standards and

proposes design directions for user‐centered collaborative robot

quality standards that can facilitate the development of safe and

effective collaborative robots for various industrial applications.

The analysis of standard clauses according to the user‐centered

design framework is based on the analysis of various character-

istics of user requirements and a thorough review of existing

quality standards applicable to collaborative robots. Using a

correlation matrix, this study identified the gap between user

requirements and standards, and proposed solutions to resolve this

challenge. These solutions enable manufacturers and regulatory

agencies to assess the quality of collaborative robots by focusing

on user‐centered design.

2 | METHOD

This study aimed to determine whether existing quality standards

fulfill user requirements for various attributes. Therefore, the steps

for comparing the correlation between user requirements and

existing quality standards are described. This study consists of three

main steps: (1) identifying user requirements for collaborative robots

through prior research and categorizing them according to the level

of user needs, (2) comprehensively reviewing the existing standard

clauses related to collaborative robots and the process of establish-

ment and revision over time, and (3) mapping and analyzing the

correlation between the standard clauses and user requirements to

propose a design direction for user‐centered quality assessment

standards for collaborative robots.

First, previous studies in the field of collaborative robots were

thoroughly reviewed to identify user requirements. Various user

requirements in the HRC context were identified by reviewing

previous studies, including academic literature and industry

reports, that analyzed the factors influencing user perceptions

and expectations of collaborative robots. The identified user

requirements were categorized according to four levels of user

needs, including functionality and usability. This categorization can

help ensure that standard clauses are satisfied according to the

changes and characteristics of user requirements as the technol-

ogy of collaborative robots evolves. A comprehensive review of

existing collaborative robot quality standard clauses was con-

ducted as the second step in this study. In addition to reviewing

ISO/TS 15066 and ISO 9283, which are standards related to the

operation of collaborative robots and describe a method for

evaluating the performance of manipulating robots, various

standards, such as criteria for collaborative robots as control

systems, machinery, and interactive systems, were comprehen-

sively reviewed. A list of quality items was established based on a

review of existing standards related to collaborative robots.

Finally, the identified list was mapped to the user requirements

for collaborative robots, categorized by the collaboration level.

Thus, a matrix was created to map the user requirements to the

quality clauses. This matrix was used to analyze the gaps between

user requirements and existing quality standards. Several clauses

in standards merely offer design principles or guidelines rather

than technical specification requirements that can be quantita-

tively measured. The matrix provides information on the descrip-

tion level provided by the clauses to evaluate the extent to which

existing standards reflect user requirements. The description was

divided into the following three levels:

Principle: A principle is a fundamental concept that serves as the

basis for assessment. Principles are general and abstract, and provide

a framework for decision‐making.

Guideline: A guideline refers to a set of recommendations that

provide directions or suggestions for a specific activity. Guidelines

are more specific than principles and provide practical advice on

following a particular assessment process.

Standard: A standard is a specification used for quality assess-

ment. Standards are quantitative and specific, and provide consist-

ency in the assessment process.

The comprehensive research process is illustrated in Figure 2.

The matrix demonstrates the gaps between user requirements and

standard clauses, and establishes a direction for designing quality

standards to address this challenge.
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3 | RESULTS

3.1 | Definition of user requirements

In previous studies, user requirements identified through factors

influencing the user perceptions of collaborative robots, such as

safety, usability, and reliability, were classified and redefined

according to the level of collaboration (Table 1).

The CoLLaboratE Project (2020) identified user requirements by

industry domain through an online questionnaire to utilize a user‐

centered design approach involving end users in the development

process. Ajaykumar and Huang (2020) conducted a user case study

on the problems that arise in the programming process of a robot task

using a robot programming interface through user demonstration. In

a study by Elprama et al. (2017), two workers were interviewed to

identify recommendations for improving the collaboration between

robots and human workers. Workers acknowledged the reduction in

mental and physical workload owing to the introduction of

collaborative robots, and remarked that collaborative robots should

adapt the way they assist based on the characteristics of human

workers. Tihay and Perrin (2018) conducted a survey of French

industrial representatives to identify the main requirements for HRC.

The participants mentioned the importance of the ease of mainte-

nance tasks and the integration of the robot cells. Kildal et al. (2018)

demonstrated a collaborative robot for students in vocational training

and industry professionals classified as potential users of collabora-

tive robots. They analyzed their expectations and concerns regarding

the system. Aaltonen and Salmi (2019) used an online questionnaire

to determine the challenges and development needs of collaborative

robots from various respondents, such as robot manufacturers,

distributors, system integrators, industry, and academia. An industry

report by Bauer et al. (2016) surveyed companies that adopted

collaborative robots and confirmed operational efficiencies or

improved worker experience. The ROBOFOOT project by Maurtua

et al. (2012) identified user requirements for developing various

solutions to introduce robotics to the traditional shoe manufacturing

industry. Adamides et al. (2014) obtained a set of guidelines for

human–computer interaction and HRI professionals for designing

teleoperation robots and grouped them into eight categories. Sawai

et al. (2017) proposed an approach to describe the interaction

between the architectural design aspects used in industrial robots

and user requirements.

These terminology sets were redefined or integrated to consider

the terminology for user needs described in several studies. Table 1

F IGURE 2 Research process.

4 | HEO ET AL.

 15206564, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hfm

.21014 by K
um

oh N
ational Institute, W

iley O
nline L

ibrary on [06/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



TABLE 1 User requirements of collaborative robots.

User requirements Definition Reference

Pleasurable

Worker adaptability The robot should be able to adapt to the behavior of
individual workers.

CoLLaboratE Project (2020); Elprama et al. (2017)

Independence Collaborative robots should be able to identify the

optimal task independently.

CoLLaboratE Project (2020)

Usable

Accessibility The robot should be easily accessible to the human
operator at all times.

CoLLaboratE Project (2020)

Manual switching on error The operator should be able to take over the robot's

processes, if the robot breaks down.

CoLLaboratE Project (2020)

Flexibility The robot should be flexible and adaptable to various
tasks.

Maurtua et al. (2012); Adamides et al. (2014); Aaltonen and
Salmi (2019); Bauer et al. (2016); Sawai et al. (2017); Tihay
and Perrin (2018)

Learnability The robot should be easy to use for all levels of
operators' experience.

Aaltonen & Salmi (2019); CoLLaboratE Project (2020); Kildal
et al. (2018)

Ease of maintenance The maintenance and repair management of the

robot should be easy (cleaning, process,
monitoring).

Bauer et al. (2016); CoLLaboratE Project (2020); Maurtua et al.

(2012); Sawai et al. (2017); Tihay and Perrin (2018)

Optimal task allocation Optimal task allocation should be made between

robots and humans (operator).

Aaltonen and Salmi (2019); Bauer et al. (2016)

Ease of interaction Collaborative robots should interact with the user
easily and naturally.

Adamides et al. (2014); CoLLaboratE Project (2020); Elprama
et al. (2017)

Fast programming The robot should be able to be reconfigured/
reprogrammed quickly even by inexperienced
users.

Aaltonen and Salmi (2019); Ajaykumar and Huang (2020); Bauer
et al. (2016); CoLLaboratE Project (2020)

Improved ergonomics The robot should reduce the burden on the human
operator in terms of physical and mental
workload.

Adamides et al. (2014); Aaltonen and Salmi (2019); Bauer et al.
(2016); CoLLaboratE Project (2020); Tihay and Perrin (2018)

Reliable

Stop/slow for human
recognition

The robot should stop or slow down depending on
the distance from the operator for safety.

Bauer et al. (2016); Kildal et al. (2018); Sawai et al. (2017)

Safe contact Physical contact between the human operator and
the robot must be possible under safe conditions.

CoLLaboratE Project (2020)

Force regulation The force of the robot should be regulated so that it
does not pose a threat to the operator.

Bauer et al. (2016)

Error prevention Errors that may occur in the operation of the robot
should be prevented in advance.

Adamides et al. (2014)

Durability The robot should be robust to the external
environment.

Sawai et al. (2017)

Life expectancy The robot should have a sufficient life expectancy. CoLLaboratE Project (2020)

Functional

Payload capacity The robot should be able to handle heavy payloads. CoLLaboratE Project (2020)

Work stability The robot should be able to perform the task without
a human operator in a stable manner.

CoLLaboratE Project (2020); Maurtua et al. (2012); Sawai
et al. (2017)

Battery performance The robot battery should be able to be recharged

quickly.

Aaltonen and Salmi (2019); CoLLaboratE Project (2020)

Operating time The robot should provide a long operating time. CoLLaboratE Project (2020)

HEO ET AL. | 5
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provides the definitions of the user requirements, categorized based

on the literature.

The user requirements categorized by functionality include

factors related to the ability to perform tasks. Task performance is

a fundamental requirement of collaborative robots. Payload capacity,

which refers to the maximum weight a collaborative robot can carry

in a work situation, is a critical factor in industries that handle heavy

materials, such as construction and manufacturing. Work stability

refers to the ability of the robot to perform activities precisely and

consistently. Work stability is critical in industries in which precision

and accuracy are essential. Battery performance refers to the time

required to recharge a collaborative robot, and is pivotal to its overall

performance. A shorter recharge time allows the collaborative robot

to operate for extended periods without interruption, which can

enhance task performance. The operating time refers to the total

amount of time that a collaborative robot can operate before it must

be recharged. Collaborative robots with long operating hours can

reduce maintenance costs and boost productivity at the workplace.

The reliability of collaborative robots is crucial to ensure safe and

efficient work for human workers. The most evident way to ensure

reliability is to ensure the safety of human workers. Stop/slow for

human recognition is a factor that monitors the distance between the

human worker and the robot in real time when the human worker

enters the robot's workspace and safely stops or slows down when

contact is possible. This is essential for preventing accidents and

ensuring worker safety. Unless collaborative robots are fully

automated, human workers must physically interact with them for

maintenance or programming, even when they are not in a

collaborative situation. Therefore, safe contact is a vital reliability

factor. In addition, the force regulation factor can regulate the

amount of force that a robot applies when interacting with an object

or person to prevent worker injury and ensure safety. Error

prevention is a factor that prevents errors that may occur when a

robot performs a task. A collaborative robot prone to control errors is

a major source of unreliability for workers. Durability is a fundamen-

tal factor related to the reliability of collaborative robots. Collabora-

tive robots are designed to withstand harsh working conditions, such

as temperature, humidity, and dust, reducing the need for mainte-

nance and repair and keeping the workplace safe and productive.

Collaborative robots with a long‐life expectancy can provide years of

reliable service, thereby reducing the need for replacement.

In contrast to traditional industrial robots, collaborative robots

are designed to work alongside human workers. Hence, several

usability factors need to be considered when implementing collabo-

rative robots in a work cell. Accessibility is an important usability

factor for collaborative robots. Collaboration can be facilitated, and

productivity can be improved by using a collaborative robot that is

easily accessible and usable anytime and anywhere. The manual

switching on error was also identified as a factor in terms of usability.

In the case of an error or emergency, workers must take over the

work process from the collaborative robots. In contrast, collaborative

robots can assist workers in taking charge of the situation quickly and

safely, thereby minimizing downtime. Flexible collaborative robots

that can be easily integrated into existing work cells are essential for

improving efficiency and productivity. Flexible collaborative robots

reduce the need for extensive work cell reconfiguration. In addition,

collaborative robots that are easy to learn make it quick and easy for

workers to learn how to use and interact with them. In particular, an

easy‐to‐learn collaborative robot can improve work efficiency by

bridging the gap between workers with different task proficiency

levels. It has been confirmed that several workers prefer simple

maintenance in terms of management. Collaborative robots with

easily replaceable parts and simple maintenance procedures can save

time and money in the long term. Optimal task allocation to

compensate for weaknesses and maximize the strengths of human

workers and collaborative robots can improve overall work efficiency.

A collaborative robot that enables apparent interactions through an

intuitive user interface is essential at the usability level. Easy

interaction can be achieved through multiple modalities, such as

voice and gestures. Collaborative robots should consider the work

environment, conditions, and constraints that may arise between

interactions. Ergonomically improved collaborative robots can reduce

the musculoskeletal and cognitive strains of tasks and improve task

efficiency.

Finally, among the several requirements of collaborative robots,

the user‐friendliness factor was categorized as “pleasurable.”

Collaborative robots can operate alongside human workers, offering

assistance and support as required, which is a key benefit. To

accomplish this, they must interact with different types of workers

and adjust their work styles. In particular, collaborative robots should

be able to adapt continuously to the pace and language of each

worker, which can be a significant advantage for workers who are not

accustomed to using robotic technology. Another essential factor to

consider is independence. Rather than acting on human commands or

programmed logic, the robot must assess the current work situation

and independently identify the optimal task. These factors, which

prioritize worker‐friendly interactions rather than task productivity

and efficiency, can significantly impact the adoption and trust in

collaborative robotics technology, leading to an improved work

environment and motivation. Therefore, to ensure the quality of

collaborative robots, an architecture should be in place to measure

and evaluate the quality based on the user requirements mentioned

in this section.

3.2 | Review of assessment standards for
collaborative robots

This section comprehensively reviews the process of establishing and

revising existing quality standards for collaborative robots. The

characteristics of each quality standard were identified by analyzing

and comparing various standard clauses applicable to collaborative

robots, such as the performance evaluation for industrial robots and

operation requirements for collaborative robots, as well as service

robot test methods and interactive system design guidelines. In

addition, this study considered the standard clauses applicable to

6 | HEO ET AL.
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general robot arms rather than mobile platforms or wearable robots.

The timeline for the development of applicable evaluation standards

from the first to the latest revisions is shown in Figure 3. The criteria

for evaluating the performance of robots were first established in ISO

9283, which consists of criteria for evaluating the performance

according to the automation of industrial robots. Following ISO

13855, published in 2002 and 2010, the calculation of stopping

distances and safety requirements for human approaches in human‐

involved industrial environments and the establishment of operation

requirements for collaborative robots were introduced. In line with

the evolution of human needs, the early standards for industrial

robots mainly considered aspects of functionality. As the level of

coexistence was reached, the standards primarily addressed safety

requirements for human–robot contact. However, usability has only

recently been briefly addressed for service robots.

Table 2 lists the contents of the latest editions of the ISO

standard for safety requirements for collaborative robots, control

system evaluation methods, and interactive system design guidelines.

Collaborative robot technology levels and description levels are

categorized according to the characteristics and contents of the items

presented in the standard clauses.

The analysis of the standard clause was divided into three levels

according to the content specified in the standard clause. For

example, a clause outlining the items or characteristics that should be

considered to satisfy the quality is designated as a principle. Clauses

that specify the minimum levels and requirements necessary to

ensure quality are designated as guidelines. Finally, if a clause

specifies the conditions and procedures for evaluation and can be

measured quantitatively through relative or absolute metrics, it is

designated as a standard.

ISO 9283 was established in 1990 as a standard for evaluating

robotic manipulation performance. The first edition of ISO 9283 has

several drawbacks, including an inability to specify standard test

paths and loads. The robots' workspaces and load ratings were not

identical, making a relative comparison between the two robots

difficult. Accordingly, it was revised to specify the test paths and

objectively measure the performance characteristics under the same

conditions. ISO 9283 is the international standard for the perform-

ance evaluation of industrial robots. The performance of most

industrial robots is verified through an evaluation method, and the

performance of collaborative robots conforms to ISO 9283 (Interna-

tional Organization for Standardization, 1998; Slamani et al., 2012).

This standard corresponds to “no coexistence” as a metric for

measuring work performance according to the automation of

industrial robots. Clause 7 of ISO 9283 describes the evaluation of

robot pose characteristics. The pose characteristics refer to the

ability of a robot to move and stop accurately (Slamani et al., 2015).

The clause measures pose characteristics through various evaluation

methods, such as pose, distance accuracy and repeatability, position

stabilization time, position overshoot, and drift (Kumičáková

et al., 2016; Pollák et al., 2020; Slamani et al., 2015). In particular,

clause 7.2 provides a standardized method for measuring and

evaluating pose accuracy and repeatability. The evaluation involves

moving the robotic manipulator to a predefined position and

F IGURE 3 Process of establishing/revising standards applicable to collaborative robots.
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orientation, and then measuring the deviation from the expected

pose characteristics (Pagani et al., 2021; Slamani et al., 2015). As

such, ISO 9283 describes the experimental conditions and environ-

ments for characterizing the pose path of a robot and specifies the

experimental procedures and measurement metrics. This clause

provides a standard‐level description because relative comparisons

can be made through evaluations based on the procedures specified

in the standard.

ISO 13855 was established as a standard for positioning

protective devices based on the approach speed of the body parts

when a human approaches a robot. ISO 13855 provides guidance on

the positioning of safeguards in relation to the approach speed of the

human body parts (International Organization for Standardiza-

tion, 2010). The second edition expands the scope of the human

body to include not only the hands/arms but also the positioning of

restraints concerning the approach speed of different body parts. It

considers the required safety distance when using restraints, in

conjunction with the possibility of bypassing the detection zone.

Clause 5 of ISO 13855 describes the requirements for the stopping

performance of the machine safeguards. The minimum stopping

distance must be calculated to ensure that the stopping performance

of a safeguard satisfies the required standards (Valori et al., 2021).

The calculation of the minimum stopping distance considers several

factors including the approach speed of the body part, the reaction

time of the system, and braking performance (Belingardi et al., 2017;

Marvel & Norcross, 2017; Szabo et al., 2012). Clause 6 of ISO 13855

provides guidelines for calculating the minimum distances for

electronically detectable guards. Electrosensitive protective equip-

ment (ESPE) detects the presence of a worker in the hazardous area

of a machine through sensors and triggers a safety device to prevent

injury or danger (Gualtieri et al., 2018; Marvel & Norcross, 2017). This

section provides specific formulas for calculating the detection

capability of ESPE sensors, their reaction time, and the minimum

distance based on the direction of approach of the body part.

Consequently, ISO 13855 can be perceived as a clause on the safety

distance required when a worker approaches a robot in a collabora-

tive situation at the coexistence level. It provides standard‐level

information because the stopping performance of the protective

device can be quantitatively measured according to the stopping

distance formula.

The standard for the safety requirements of industrial collabora-

tive robots was established in 2006 under ISO 10218‐1. The second

edition provides more detailed requirements for ensuring worker

safety, including the performance criteria for safety control systems

and collaborative operations. As the operational requirements for

collaborative robots are covered in more detail in ISO/TS 15066, ISO

10218‐1 primarily reviews clauses related to the performance of

safety‐related control systems. Clause 5.4 of ISO 10218‐1 specifies

the level of performance required to fulfill the safety functions of the

control system (International Organization for Standardization, 2011).

ISO 13849‐1 (International Organization for Standardization, 2015)

and ISO 13849‐2 (International Organization for Standardiza-

tion, 2012) provide more detailed procedures for evaluating and

verifying the performance of safety‐related control systems. As the

safety performance of a control system is not related to its

collaborative characteristics, it is an item to be satisfied at the “no

coexistence” level; it is classified as a standard level because it

presents different performance criteria to be satisfied depending on

the characteristics of the control system and provides a measurable

evaluation method.

ISO/TS 20282‐2 outlines a test method for evaluating the

usability of a product or system (International Organization for

Standardization, 2013). Clause 7 specifies the purpose and scope of

the test, the evaluation environment, and the method for measuring

the achievement of the purpose. The effectiveness, efficiency, and

satisfaction with the human use of a product to achieve its intended

purpose were evaluated based on objective and subjective measures.

The objective measures included success rate, work time, cost, and

cognitive/physical effort, whereas the subjective measures included

perceived satisfaction. However, only the conceptual definitions and

characteristics of the items that constitute usability have been

presented, with no evaluation procedures or criteria that can be

measured quantitatively. Therefore, the ISO/TS 20282‐2 description

level is categorized as a principle at the “no coexistence” level

because it is not a usability principle for collaborative robots, but a

usability principle for daily products that do not specify a system.

IEC 62660‐1 clause 7 describes the evaluation of the perform-

ance of secondary lithium‐ion batteries used as the driving power

sources for electric or hybrid vehicles (International Electrotechnical

Commission, 2018). This clause provides a method for calculating the

storage life, cycle life, and energy efficiency by measuring the current

loss generated during discharge and charging, which can be utilized

for evaluating the battery performance of collaborative robots (Brivio

et al., 2017; Zhou et al., 2022). The assessment clause related to the

battery performance of the robot should be measurable regardless of

the collaboration level; hence, it is categorized as “no coexistence.”

The description level is categorized as a standard because it provides

the test methods and metrics for battery performance assessment.

Clause 8 of IEC 62849 introduces a method for evaluating

household mobile robot operating time per charge (International

Electrotechnical Commission, 2016). The maximum operating time of

the robot per charge cycle was estimated. The total operating time

was calculated by recording the total energy input from a fully

charged state, and the operating time and energy consumption until

the robot stopped working or could not be restarted (Huang

et al., 2022). As the evaluation of operating time presented in this

clause should be applicable to all levels of collaboration, the

technology level can be categorized as “no coexistence,” and provides

information at the standard level, as it enables a quantitative

evaluation of the conditions and energy consumption for the

operating time.

ISO/TS 15066 is a technical specification standard describing

collaborative robot safety requirements (International Organization

for Standardization, 2016). This standard defines the different types

of collaboration that can occur between humans and collaborative

robots, and the safety requirements in collaborative scenarios.

10 | HEO ET AL.
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ISO/TS 15066 distinguishes between four types of collaborative

operations: safety‐rated monitored stop (SMS), hand guiding (HG),

speed and separation monitoring (SSM), and power and force limiting

(PFL). SMS is the simplest collaborative operation type

(Vicentini, 2020). ISO/TS 15066 clause 5.5.2 proposes requirements

for designing collaborative robots to cease movement when they

detect the presence of a human in the collaborative workspace. A

collaborative workspace should be configured at a distance that

satisfies the ISO 13855 requirements. To assess the reliability of

SMS, the collaborative robot should accurately detect the presence

of a human and automatically restart when the human leaves the

collaborative workspace (Belingardi et al., 2017; Malm et al., 2019;

Marvel & Norcross, 2017). HG, the second level of collaborative

operation, allows a human operator to easily guide and program the

movements of a collaborative robot (Belingardi et al., 2017; Safeea &

Neto, 2022; Vicentini, 2020). Before the human operator enters the

collaborative workspace, the robotic system must generate the SMS

and prepare for HG (Chemweno et al., 2020). When an HG device

controls the robot, the SMS is disabled and the HG operation is

performed. The robot system must activate the SMS again when the

operator releases the guiding device and resume work when the

operator leaves the collaborative work area (Karagiannis et al., 2022).

The third level of collaborative operation, SSM, enables the

collaborative robot and human operator to work in close proximity.

At this level, the collaborative robot must monitor its speed and

distance from the human operator, and apply its SSM function to

ensure a safe distance (Belingardi et al., 2017; Michalos et al., 2018;

Vicentini, 2020). Clause 5.5.4 provides a method for calculating the

protective separation distance based on the change in the position of

the human operator and the reaction time and stopping performance

of the robot. Clause 5.5.5 PFL describes the robot system

requirements for intentional/unintentional physical contact situa-

tions. The clause specifies that to account for potential contact

between robots and human operators, the range of forces and

pressures allowed for contact should be regulated according to the

body parts (Chemweno et al., 2020; Gleirscher et al., 2022; Michalos

et al., 2018; Vicentini, 2020). However, the majority of the content

described in ISO/TS 15066 is designated as a guideline because it

presents the requirements and conditions for ensuring safety rather

than specifying its assessment method. In the four types of collabora-

tive operations, SMS is an essential function at the coexistence level,

whereas HG, SSM, and PFL specify safety requirements in collaborative

situations of cooperation/collaboration.

ISO/TR 23482‐1 (International Organization for Standardiza-

tion, 2020) is a technical report that provides guidance on safety‐

related test methods for personal‐assistance robots based on the

international standard ISO 13482 (International Organization for

Standardization, 2014). Clause 6 of ISO/TR 23482‐1 addresses the

testing for three main physical hazards. This section describes a

safety assessment method for the physical hazards of robots, which is

equivalent to no coexistence, and provides information on standard‐

level principles, experimental apparatus, and procedures for assessing

the risk of voltage in user‐accessible parts, the risk of acoustic noise,

and the risk of surface temperature (Valori et al., 2021). Clause 9

introduces a risk test procedure for assessing the durability

characteristics of robots. The assessment of the durability character-

istics of the robot is a requirement for no coexistence. At the

standard level, this clause specifies how to evaluate a robot's

durability under certain environmental circumstances, such as varying

temperature and humidity, and its robustness to external or

inappropriate impacts. Clause 14 specifies the evaluation of the

safety‐related control functions. This clause is required for

coexistence and provides standard‐level information because it

covers the methods and conditions for evaluating the ability of

electrosensitive equipment to recognize objects reasonably in

different environments. Clause 17 of ISO 23482‐1 states that trust

in a robot's autonomous decisions or actions should be evaluated,

indicating that this is required at the cooperation/collaboration level.

However, while the clause mentions the need to assess a robot's

autonomous decisions and actions, the clause content only outlines

the procedures for evaluating the object recognition by the robot

system. Therefore, the clause can be classified as a principle.

ISO 22166‐1 provides requirements and guidelines for modular-

izing service robots in various environments. Annex. D.4 presents the

methods for testing the performance conformance of the robot

modules (International Organization for Standardization, 2021). This

section outlines the methods for various evaluations of robot

modules, such as structural performance, electrical performance,

software testing, and environmental and usability testing, regardless

of the robot's collaboration level. However, it does not specify the

procedures for testing and simply provides principle‐level guidance

that should be addressed during the testing process (International

Organization for Standardization, 2021; Zou et al., 2022).

3.3 | Correlation matrix

In this section, the matrix determines whether the existing quality

metrics reviewed in Section 3.2 satisfy the identified user require-

ments. Figure 4 shows the overall correlation matrix.

We identified several assessment methods to consider the user

requirements related to the functionality and performance of a

collaborative robot. As illustrated in Figure 4, most user requirements

belonging to functionality are presented with evaluation clauses at

the standard level. Battery performance and operating time are

significant work performance metrics related to performance test

methods for secondary batteries and the assessment of the robot's

maximum operational time per single charge cycle. These standards

describe the test methods for electric vehicles and service robots, but

not for industrial collaborative robots. Nonetheless, the assessment

methods should be applicable to industrial collaborative robots with

some modifications. The methodology for evaluating work stability is

mapped to the assessment of pose and path characteristics in ISO

9283. The testing of pose and path characteristics in ISO 9283

provides a method for evaluating the reliability of a robot that

manipulates programmed actions. However, as the standard provides
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the measurement methods and conditions, the measured results

allow for relative comparisons with other robotic systems but do not

provide absolute criteria for gauging user experience quality. The

payload capacity is one of the most important characteristics of a

collaborative robot because it indicates the tasks and capabilities that

the robot can handle. The payload capacity was assigned to the

assessment criteria for the mechanical performance in ISO 22166‐1

because it corresponds to the mechanical assessment criteria for

collaborative robots.

User requirements for the reliability of a robot are most often

considered in the existing standards. No metrics were observed to

evaluate the life expectancies of robots. The user requirements for

the durability of a robot are directly related to the durability

assessment criteria, which can be assessed through durability tests

for external impacts and environmental conditions, as described in

ISO 23482‐1 clause 9. The user requirements for error prevention

were mapped to the safety‐related performance levels of the control

system in ISO 10218‐1. It is possible to measure quantitatively

whether an error can be prevented in advance and does not lead to a

major loss of function, according to the performance level evaluation

items of the safety‐related control system. User requirements for

force regulation are linked to the PFL of ISO/TS 15066, which

describes the robot's force and power limits for human safety. Users

want to be assured of their safety if they need to contact a robot or

an unexpected contact situation occurs. Different evaluation

methods should be provided, as contact with a robot can occur in

several scenarios, such as with an HG, a handover, or unexpected

contact. According to the direct contact between robots and human

body parts, the ISO 13855 and ISO/TS 15066 requirements for HG,

which contain items to assess safety in such contact situations, have

been mapped to ISO/TR 23482‐1 clause 6, characterization of

hazards in physical contact. ISO 23482‐1 defines the test items for

evaluating physical hazards in contact situations, such as voltage and

acoustics. Furthermore, the stopping performance of the robot when

approaching contact can be included as an item to evaluate safe

contact. “Stop/slow for human recognition” is considered in several

standards because it is directly related to the safety of collaborative

robot operators. The “stop/slow standards for human recognition”

are generally divided into two categories. The first is to assess the

ability to recognize the human body or the entire body, which can be

evaluated by measuring the human recognition ability of electronic

sensing equipment under various environmental conditions on a test

specimen similar to the human body. The second is the evaluation of

the stopping and slowing performances. The formula for calculating

the minimum distance of the ESPE enables a pass/fail judgment

of the stopping and slowing performance of the collaborative robot.

Therefore, the relevant assessment criteria ISO/TR 23482‐1 clause

14, SMS and SSM of ISO/TS 15066, and ISO 13855 requirements for

the minimum distance between humans and robots were assigned to

this user requirement.

F IGURE 4 Correlation matrix for user requirement and collaborative robot standard clauses.
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According to the results shown in Figure 4, there are no

standards for evaluating natural or user‐friendly interactions with

robots, such as “usability” or “pleasurable.” Regarding usability,

ISO/TS 20282‐2 describes some assessment principles related to

task effectiveness and efficiency, such as enhancing the accessi-

bility, interaction, and ergonomics of daily products. However,

they are unsuitable for applications in collaborative robotic

systems. In addition to these outlined principles, no evaluation

metrics that satisfy the user requirements for usability can be

found.

Worker adaptability and independence are factors that enable

user‐friendly interactions but have not yet been considered in

assessment standards. Although clause 17 in ISO/TS 23482‐1,

reliability of autonomous decisions and actions of robots, is linked

to independence as a user requirement and cites the necessity for

assessment, the actual clause only outlines procedures for evaluating

the object recognition of robotic systems. Other items related to

“pleasurable” are not identified in the standards.

4 | DISCUSSION

4.1 | Quality standards for user‐centered design

By classifying the standards for collaborative robots according to

identified user requirements, this study aims to identify the

limitations of the existing quality standard system and establish a

direction to fill the gap between user requirements and standards. A

literature review yielded 21 user requirements, and a correlation

matrix was derived by reviewing the standards applicable to

collaborative robots. The results of this study were extracted from

previous research findings and considered only some of the user

requirements; however, it is adequate to demonstrate that the

existing quality assessment standards do not consider user

requirements.

Standards for collaborative robots begin with those for evaluat-

ing the performance of industrial robots at the No coexistence level

and continue to be primarily concerned with ensuring human safety

at the Coexistence level, where humans are involved. Most standards

related to safety and reliability provide standard‐level evaluation

procedures and criteria at the no coexistence or coexistence levels. In

contrast, only the guidelines for safety requirements are presented at

the cooperation level and above. To reflect technological advance-

ments, a system that can assess the quality of collaborative robots in

collaboration scenarios at the cooperative level is required. For

instance, the evaluation criteria for coexistence and cooperation may

differ when monitoring the speed and distance between a human

operator and a robot. Therefore, it is necessary to distinguish

between these technical levels and establish metrics to measure

them. The quality standards corresponding to functional and reliable

are thoroughly addressed, including detailed testing procedures and

environmental considerations. While a significant number of user

requirements fall within the usable and pleasurable categories, their

evaluation often relies solely on existing design principles or

overlooks them entirely.

Several studies have discussed the dynamic characteristics of

user requirements as technology evolves (Chowdhury et al., 2020;

Wang & Yu, 2016). These quality attributes should be addressed, as

they are likely to evolve into more important user needs in the future

according to changes in the level of needs. Therefore, quality

standards should consider the interaction factors between human

workers and robots. Users want to take over the process of the robot

quickly so that the entire work cell does not stop when a robot error

occurs; however, standards do not consider this characteristic. A

robot that can easily and flexibly adapt to various tasks is an essential

user requirement in several studies, and a method for its evaluation is

required. A related standard, ISO 10218‐2 safety requirements for

the maintenance of industrial robotic systems, does not have an item

for assessing the ease of maintenance but provides safety require-

ments during maintenance. However, while safety in maintenance is

an essential factor to consider, there is a need for further

consideration of items that can measure and evaluate the ease of

maintenance based on user requirements. The efficient allocation of

tasks between human workers and collaborative robots is also an

important consideration. Several studies have been conducted on

optimal task allocation (Kwon & Suh, 2014; Schoen et al., 2020;

Tsarouchi et al., 2017). Optimal task allocation can affect task

efficiency because human workers have the advantage of being

flexible and creative, whereas robots have the advantage of being

able to perform repetitive and precise tasks. Technological advances

have made flexible interactions with collaborative robots increasingly

diverse and complex. Recently, increasing efforts have been made to

overcome the limitations of interaction by combining various

modalities, such as voice, gesture recognition, and extended reality

technology (Dallel et al., 2023; Panagou et al., 2022; Strazdas

et al., 2022). Therefore, it is necessary to develop modality‐specific

quality criteria and evaluate whether the interaction is successful in

various environmental settings. Based on the identified requirements,

users want to be able to instruct the robot to perform a task without

any prior knowledge of the collaborative robot. While several recent

studies have discussed this issue (Ajaykumar & Huang, 2020), there

has been no research on metrics to evaluate the ease of program-

ming. Improved ergonomics is considered a metric that can evaluate

work efficiency, and metrics in this area should be developed to

measure the extent to which collaborative work reduces the physical

and cognitive loads of workers.

This paper analyzes the quality standards of industrial collabora-

tive robots based on a user‐centered design framework, highlighting

the need to give more importance to considering user requirements

during the design and development of collaborative robotic systems.

It was identified that quality standards needed to be re‐established to

shift the paradigm from system‐centered design to user‐centered

design. The results of this study can be used in conjunction with

various methodologies to evaluate the performance, safety, and

usability of robots for efficient HRI (Bethel et al., 2007; Chacón

et al., 2021). It is also expected to serve as a basis for designing and
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developing collaborative robots for human‐centered manufacturing, a

core value of Industry 5.0.

4.2 | Limitations and further research

This study aims to provide information on the quality attributes of

collaborative robots that are not considered by the existing quality

standard system by categorizing standard provisions for collaborative

robots according to derived user requirements. The results of the

study examined the level of user requirements reflected in existing

quality standards but did not analyze how the considered user

requirements are connected and structured with quality.

The first step for future research to develop quality standards

that can reflect user needs is to identify and structure quality factors

to assess whether user needs are fulfilled. Quality of Experience

(QoE) is often mentioned as a metric to measure the degree to which

user needs are fulfilled (Crespi et al., 2011; De Marez & De

Moor, 2007; Mahmud et al., 2019). However, research on measuring

and defining QoE is mainly limited to the field of telecommunication

or multimedia (Banjanin et al., 2022; Baraković et al., 2010; Rehman

Laghari & Connelly, 2012). Consideration of QoE needs to be

extended to various domains to fulfill the user needs during the

technology development process (Mitra et al., 2013). Since QoE has a

multidimensional characteristic, defining the factors that constitute

QoE through user requirements is necessary. The user requirements

considered in this study were based on a review of prior literature

that identified user needs through various approaches, such as

demonstrations and surveys, and may not consider newly expressed

user requirements. Traditional engineering methodologies have

limitations for new technologies, such as collaborative robots, where

user experience has not been sufficiently accumulated, and analytical

techniques such as text mining are needed to overcome this (Qureshi

et al., 2021; Soni et al., 2020). This study does not calculate weights

that can reflect dynamic user requirements in the context of

technological advancement. Due to social trends and technological

advancements, new longitudinal methodologies that can reflect

relative weights are required to account for dynamic user require-

ments. Once the conceptual definition of QoE is established, it is

planned to establish a system for subjective/objective evaluation by

linking user and system requirements.

QoE can be influenced by human characteristics, including

cognitive and psychological aspects of the user (Crespi et al., 2011;

Mitra et al., 2013). In addition to the user's human characteristics, it is

necessary to reflect the effect of moderating variables that influence

the parameters to define the experience quality because it is changed

by various influencing factors such as system characteristics of the

technology and usage context characteristics (Li et al., 2015;

Shin, 2017). Through this process, it is expected that we can identify

common attributes of user needs that appear when introducing new

technologies, and thus confirm their generalizability to the QoE

evaluation of new technologies including collaborative robots.

5 | CONCLUSION

In this study, the limitations of the existing quality standard system

were identified by defining the user requirements and reviewing the

standard clauses for collaborative robots according to a user‐

centered design framework. We derived a correlation matrix

between 21 user requirements and collaborative robot quality

standards and discovered a significant gap between the two factors.

Functionality was assigned as an indicator to evaluate the robot's

task performance, whereas reliability was primarily a safety‐related

quality attribute. In terms of “usability” and “pleasurable,” user

requirements related to natural or user‐friendly interactions

between the user and the collaborative robot were identified.

Nonetheless, most standards associated with collaborative robots,

starting with quality assessment methods for performance and

function, are utilized to ensure human safety. The literature review

confirms that user needs that fall under Usable and even

Pleasurable are being expressed, but the quality standards for these

are either providing design principles or failing to consider them at

all. This may result from insufficient consideration of users when

designing quality standards in terms of ergonomics. Therefore,

expanding the concept of quality for user‐centered design of

collaborative robotics technologies could be combined with

ergonomic evaluation methodologies such as usability or emotional

evaluation. This study provides information on the quality attributes

of collaborative robots that are necessary to fulfill user require-

ments, and it is expected that users' perceptions and experiences

with collaborative robots will be improved based on this study. In

future research, it is necessary to utilize a user‐centered approach

to develop quality evaluation systems and standards that reflect

dynamic user needs in the field of collaborative robot technology,

where user experience has not been accumulated. For this purpose,

we plan to conduct follow‐up research to develop a method for

evaluating the satisfaction of user needs and a rating standard

according to the level of satisfaction.
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