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a b s t r a c t

Robots play a key role in medical equipment manufacturing industry by safeguarding human workers

from hazardous environment and risky jobs. Human robot interaction (HRI) is one of the robotic features

that are enhanced in industrial robots. They mimic human behavior while arriving at a decision, con-

tributing to the proficiency of the product. Tasks involving human cognitive skills and flexibility in the

workers are combined with robots to obtain high-level accuracy, repeatability, and speed. Further, more

challenges are to be met for achieving an effective human-robot interaction. In this paper, risk factors

affecting the interaction between both robot and humans are discussed, and a contextual case is per-

formed in a top south Indian medical equipment manufacturing industry. Industrial experts’ inputs

and relevant literature are considered to recognize the risk factors. Multi-Criteria decision-making

method (MCDM) like DEMATEL (Decision Making Trial and Evaluation Laboratory) is used to analyze

the risk factors influencing HRI in the assembly section. The paper’s findings show that automation level

and reliability of the robot are the most influential factor in the assembly section and need more attention

to control and reduce the risk factor for the effective assembly.

� 2020 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-
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1. Introduction

Recently, many industries are using robots because of their

capability to do repeated work in all kinds of environments with

good accuracy and precision. As per the international federation

of robotics in 2019, over 2.6 million robots are used for the opera-

tional purposes in industries and also at an average of 13% of

robots are being introduced newly by the industries every year.

For the past few years, while considering the manufacturing indus-

try’s medical equipment, the robots are mainly used in the assem-

bly section because of its handling, palletizing, cutting, finishing,

and spraying skills. Nowadays, it is essential to manufacture the

product with the interaction of both robot and human to complete

the process faster with the desired precision [1]. The main aim of

the HRI is to increase productivity by means of integrated automa-

tion. To effectively making the products, there is a need for excel-

lent communication between robots and humans. In the case of the

assembly section in the automotive industry, there are several risk

factors engaged in between human-robot interaction. Due to these

reasons, there is a lack of communication between them, and it

affects the components assembly. The key objective of this

research is to recognize the risk factors from the relevant literature

collection, as well as input from experts, and then assess and ana-

lyze the risk factors using DEMATEL. The results of the research

will be useful for the industrial managers for controlling the risks

as well as implementing the human-robot interaction. Further

risks involved in the HRI process are explored by many researchers

[2,3]. This research considers the ensuing questions:

a) What are the major risks in a HRI?

b) What are the interactions between the risks in a HRI?

c) How will the major risks be sorted into cause and effect

groups to give valuable implications for managers in

industry?

d) How will the cause and effect group risks be useful to indus-

trial managers for achieving a strong HRI?
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2. Relevant literature

2.1. Risk factors involved in Human-Robot interaction

Robinette et al. [4] examined the factors that influence HRI in

critical-time scenarios. Performance of the robot and emergency

evacuation are the critical factors that influence HRI are shown

in the results. Fossum et al. [5] addressed the challenges in project

management and to design and develop the new technology that

are not in the human factors. For this purpose, they have con-

ducted a case study for human-robot interaction. The results

shown that poor communications for operations and support,

way to keeping and using procedures for operations and organiza-

tion operations are the key factors affecting human-robot interac-

tion. Hancock et al. [6] assessed the risk factors that are influencing

interaction between human and robot and also 29 case studies are

conducted and finally the data are collected. Reliability and beha-

viour of the robot, workload of the operator and also the type of

task are the critical factors in the human-robot interaction that

are depicted in the outcomes. Hoff and Bashir [7] studied the fac-

tors con-sequencing trust between robot and human in the

automation. The consequences revealed that learned, situational

and dispositional trust is the most influential trust and therefore

more consideration should be given to this trust for the effective

automation. Johannsmeier and Haddadin [8] created a model for

task allocation and identified the factors affecting collaboration

between human and robot in the assembly unit. The findings of

the paper presented that collision handling, handover as well as

pickup and assembling the spare parts are the vital factors in the

assembly section and therefore, they need to implement some suit-

able systems for reducing the risk factors. Maurtua et al. [9] anal-

ysed the safety aspects, trust and interaction for robot and human

in the application of industries. Safety monitoring, pointing ges-

tures and manual guidance are needed for controlling the risk as

well as improving the safety in the human-robot interaction is pre-

sented in the results. Tsarouchi et al. [10] reviewed the HRI

(Human Robot Interaction) and addressed the challenges in pro-

gramming and task planning. The outcomes shown that they intro-

duced robot programming systems, tools and sensors for the

effective coordination between both robot and human. Villani

et al. [11] conducted the survey on collaboration between both

robot and human in the industrial working scenario and they are

more concentrated on the issues in cognitive and physical interac-

tion. Moreover, they initiated collaborative solution for enhancing

the system efficiency and controlling risks.

3. Research gap

Medical equipment manufacturing industry requires to be more

efficient in the HRI process for achieving the trademark in their

world market and business. Industry has poor skill about HRI in

the rising nations like India. Interaction between both human

and robot can add value to the industrial development for the

future perspective, a place in which robots and humans can per-

form tasks and work together is known as Human-Robot interac-

tion. Literature identified the risk factors intricate in the HRI in

different industries. However, industry may manage dissimilar

hurdles when undertaking the HRI process. As a result, the influ-

ence of specific risk factors may differ from industry to industry.

Risk factors involved are not discussed adequately and risks rank-

ing are also missing in the literature. To fulfil this gap, we have

deliberated this study which will helpful in determining the critical

risks as per the contextual case. For this purpose, this paper uses

DEMATEL method for evaluating the inter-relationship among var-

ious risk factors and risks ranking in HRI. Some highlights of this

paper are discussed below.

� Recognize the factors that influence HRI from relevant literature

and also with the help of industrial experts as depicted in

Table 1.

� Propose an outline to assess HRI risk factors in Indian environ-

ment with the help of MCDM method.

� Verify the suggested outline with a contextual case from the

south Indian medical equipment manufacturing industry. The

outcomes attained are then compared with present literature.

4. Outline of the paper

To achieve the objective of this paper, an outline is suggested in

Fig. 1, to find the most influential risk factors in the HRI. The sug-

gested outline consists of five phases. The risk factors are identified

by using relevant literature in the similar field and from industrial

experts as in the first phase. Industrial experts provided the rating

for the risk factors as in second phase. In the third and fourth

phase, select the method for solution like DEMATEL and analysis

of data and assessment of outcome with the case study are carried

out. Acquired outcomes are investigated and validated in fifth

phase.

5. Method for solution

DEMATEL is a MCDM method used to analyse the interrelation-

ship between each and every risk factor as well as it is used to solve

problems with complicated. Recently, for analyzing the problem

many investigators used DEMATEL method [12,13]. Linguistic scale

was used for rating the risk factors as exhibited in Table 2. DEMA-

TEL technique procedure is discussed in detail below [14–18]

Step 1: Compute the IRM-Initial relationship matrix (‘A’).

The first step of DEMATEL is to compute the initial relationship

matrix ‘A’ dependent on the comments from industrial and domain

specialists, on a scale fluctuating form 0 to 4 point linguistic scale

and it is shown in Table 3.

A ¼

1 A12 A13 ::: A1ðn�1Þ A1n

A21 1 A23 ::: A2ðn�1Þ A2n

::: ::: ::: ::: ::: :::

::: ::: ::: ::: ::: :::

Aðn�1Þ1 Aðn�1Þ2 Aðn�1Þ3 ::: 1 Aðn�1Þ1

An1 An2 An3 ::: Anðn�1Þ 1

2

6

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

7

5

ð1Þ

Table 1

Factors influencing human-robot interaction in assembly section.

Notation Risk Factors References

A1 Reliability of the Robot Salem et al., 2015

A2 Automation level Tsarouchi et al., 2017

A3 Amount of training Mehrholz et al., 2015

A4 Operator workload Landi et al., 2018

A5 False Alarms Teo et al., 2018

A6 Situation awareness Guzman et al., 2016

A7 Robot type Dragan et al., 2015

A8 Prior experiences Alterovitz et al., 2016

A9 Behavior of the robot Mead and Mataric 2016

A10 Culture Andrist et al., 2015

A11 Adaptability of robot Clair et al., 2016

A12 Proximity Gabler et al., 2017

A13 Surrounding environment Zouoi et al., 2019

A14 Complexity of the task Pardo et al., 2016

A15 Comfort and Attitudes towards robot Backonja et al., 2018
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Step 2: Normalize the matrix ‘A’ (‘C’).

The Initial relationship matrix (A) found in step 1 is normalized

across the equations.

C ¼ B� A ð2Þ

B ¼
1

max16i6n

X

n

j�1

Aij ð3Þ

Where C indicates Normalization.

Step 3: Calculate the TORM-Total relation matrix (‘D’)

The next step identifies the total relation matrix. It is deter-

mined with the assist of (C) which is calculated in the earlier phase

by using Eq. (4) where I signify the Identity matrix and it is shown

in Table 4.

D ¼ CðI� CÞ�1 ð4Þ

Step 4: Calculate the summation of rows and columns.

Summation of rows and columns are indicated by ‘ei’ and ‘fi’and

it is acquired through Eqs. (5) and (6) and it is exhibited in Table 3.

ei ¼
X

n

j�1

Dij

" #

n�1

ð5Þ

f i ¼
X

n

i¼1

Dij

" #

1�n

ð6Þ

Step 5: Construct the Causal diagram.

By using the values of both eiandf i, draw the causal diagram and

mapping the both vertical and horizontal axes of the graph. Most

influential risk factor and their interrelationship with each other

are defined in causal diagram.

6. Case study

For analyzing the risk factors, a contextual case is performed in

a top medical equipment manufacturing industry in southern part

of India, which has over 500 employees with a turnover of more

than 50 crores. The name of the industry is not mentioned in the

paper because of anonymization. In the assembly section of this

industry, there is always problem arises because of the risks

involved in HRI. It affects the interaction among both robot and

human and hence it leads to delay and affecting the process which

impacts the negative influences to the assembly section. To over-

come this issue, identification and analysis of risk factors is

required and DEMATEL technique is used to solve the problem.

Decision makers like chief engineer, production manager and

senior executive engineer are formed to provide the rating of iden-

Fig. 1. Suggested outline for identifying most influential risk factor.

Table 2

Linguistic scales and their ratings.

Elements Ratings

Very high influence 4

High influence 3

Low influence 2

Very low influence 1

No influence 0

Table 3

IRM (Initial relationship matrix).

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15

A1 0 3 2 2 3 1 3 3 4 3 2 2 2 3 2

A2 3 0 3 3 4 2 2 1 3 2 2 3 2 4 1

A3 2 2 0 1 4 2 1 3 3 2 2 3 1 3 2

A4 1 1 2 0 4 2 1 3 3 2 1 2 1 3 1

A5 3 4 3 3 0 2 1 3 2 3 2 1 3 3 2

A6 1 1 2 2 2 0 1 1 1 1 1 1 1 2 1

A7 2 2 2 2 1 1 0 2 3 2 3 1 2 2 2

A8 1 1 2 2 3 2 1 0 2 3 1 2 2 3 2

A9 2 2 2 1 2 1 3 1 0 1 3 2 2 2 2

A10 1 1 1 1 1 1 1 2 3 0 1 2 1 3 1

A11 2 2 1 2 1 1 2 1 2 1 0 2 1 2 1

A12 1 1 2 2 1 1 1 3 1 1 1 0 2 3 1

A13 1 1 2 2 1 1 1 1 2 1 1 1 0 3 1

A14 2 2 3 2 1 1 1 2 1 1 2 2 2 0 1

A15 2 1 1 1 1 1 2 2 2 1 2 1 1 1 0
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tified risk factors in the form of questionnaire with the help of lin-

guistic scale and it is shown in Table 2. The managers from indus-

tries could use the outcome of this research for understanding

about the type of risks involved in the section and in turn helps

them to mitigate the risks and also to implement the interaction

with both robot and human.

7. Analysis and discussion of results

The aim of the research is to recognize the most influential fac-

tor in the human-robot interaction in south Indian medical equip-

ment manufacturing industry. By using the DEMATEL method, HRI

risk factors were evaluated and the consequences as exhibited in

Table 5. The causal diagram demonstrates the most influential fac-

tor in the HRI process as shown in Fig. 2 and it is sorted into two

groups namely cause and effect group. The risk factors in the cause

group are arranged as follows based on the order of sequence:

A2 > A1 > A7 > A5 > A3 > A4: Automation level (A2) is top prior-

ity in the cause group with ei � f i value of 0.960. In the HRI process,

automation level in the robot is poor because of improper mainte-

nance also not upgrading the software programs. Based on the

application scenario, which is affected by many factors such as uti-

lized robot, work task and available technologies, the automation

level can vary from coexisting in the working environment to actu-

ally being physically attached to each other. Hence it is necessary

to incorporate new technology to obtain proper communication

between human and robots in assembling section. The second fac-

tor in the cause group is Reliability of the robot (A1) with

ei � f ivalue of 0.953. Robot will perform work satisfactorily within

the prescribed time interval as per the designed conditions. Poor

reliability of the robot is source of cause for many issues such as

inconvenience, condition with unsafe environment and high cost

Table 4

TORM (Total relationship matrix).

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15

A1 0.140 0.217 0.214 0.199 0.241 0.137 0.197 0.235 0.279 0.214 0.192 0.197 0.187 0.284 0.168

A2 0.217 0.145 0.241 0.226 0.268 0.163 0.172 0.191 0.255 0.190 0.192 0.223 0.188 0.310 0.143

A3 0.176 0.178 0.145 0.159 0.246 0.150 0.133 0.219 0.231 0.174 0.174 0.205 0.148 0.260 0.155

A4 0.135 0.137 0.179 0.115 0.230 0.138 0.118 0.202 0.211 0.160 0.134 0.164 0.133 0.238 0.118

A5 0.210 0.234 0.233 0.219 0.167 0.160 0.143 0.230 0.228 0.210 0.185 0.171 0.205 0.280 0.163

A6 0.100 0.101 0.138 0.130 0.141 0.059 0.088 0.113 0.121 0.100 0.099 0.104 0.097 0.162 0.088

A7 0.158 0.158 0.174 0.163 0.154 0.110 0.095 0.172 0.214 0.156 0.184 0.139 0.153 0.210 0.140

A8 0.131 0.132 0.174 0.162 0.199 0.135 0.115 0.122 0.184 0.179 0.130 0.160 0.153 0.233 0.138

A9 0.157 0.157 0.172 0.138 0.173 0.108 0.167 0.146 0.134 0.128 0.182 0.159 0.152 0.205 0.138

A10 0.105 0.105 0.119 0.110 0.119 0.088 0.095 0.142 0.175 0.077 0.106 0.135 0.104 0.193 0.092

A11 0.137 0.138 0.127 0.143 0.129 0.094 0.127 0.125 0.162 0.111 0.086 0.141 0.109 0.179 0.097

A12 0.108 0.109 0.150 0.140 0.127 0.094 0.096 0.173 0.132 0.109 0.108 0.088 0.132 0.201 0.096

A13 0.103 0.103 0.141 0.132 0.118 0.087 0.092 0.115 0.148 0.101 0.103 0.107 0.073 0.190 0.090

A14 0.144 0.145 0.185 0.151 0.141 0.101 0.106 0.160 0.147 0.119 0.143 0.151 0.141 0.142 0.104

A15 0.128 0.104 0.115 0.108 0.117 0.087 0.120 0.139 0.151 0.103 0.129 0.106 0.101 0.140 0.065

Table 5

Cause and effect group.

Rank Cause group ei � f i

1 A2 0.960

2 A1 0.953

3 A7 0.516

4 A5 0.468

5 A3 0.245

6 A4 0.119

Rank Effect group ei � f i
1 A6 �0.068

2 A15 �0.083

3 A8 �0.135

4 A11 �0.244

5 A10 �0.367

6 A13 �0.372

7 A12 �0.386

8 A9 �0.456

9 A14 �1.148

Fig. 2. Causal diagram.
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of maintenance. Therefore they need to improve a standard for

robot reliability and preventive maintenance for the robot since

it diminishes the cost of unexpected failures and repairs and hence

it enhances the safety of human.

The final factor in the cause group is operatorworkload (A4)with

ei � f i value of 0.119. It is mainly due to person whomaintain, oper-

ate, design, test and manufacture a robot. As per the reports, 30 to

60% of all failures in HRIwere due to these risks. They need to imple-

ment some techniques for reducing the risks such as fault tress,

man–machine systems analysis and error-cause removal program.

Based on the sequential order the risk factor in the effect group

is arranged as follows: A6 > A15 > A8 > A11 >

A10 > A13 > A12 > A9 > A14: Situation awareness (A6) is the first

factor ranked in the effect group with ei � f i value of �0.068. In

case of fire emergency or others, the ability of the robot to compre-

hend and to surpass from the blocked environments without

human intervention. Therefore we suggest an RSAW (Robot situa-

tion awareness) system, improved in order to assist a robot to sur-

pass the difficult situation in the working environment and

achieving the objectives while reducing the human interventions

as well as it increases robot autonomy. Comfort and attitudes

towards robot (A15) with ei � f i value of �0.083 is second one in

the effect group. Most of the employees have negative attitudes

towards robot in some situations and discomfort with respect to

social impact. Therefore the industry needs to buy PARO robot

for the good attitudes and comfort with human. Surrounding envi-

ronment (A13) has ei � f ivalue of�0.372. Robot used the sensor for

obtains data from surrounding environment to provide required

input signals to the controller and it carry out activities for achiev-

ing the preferred tasks. Some robots have poor sensors because

they are dependent on the human organ functions. Therefore,

industry need to buy autonomous robot because it has skill to

understand information related to surrounding environments

without the intervention of human and it works for a long period

of time. Complexity of task (A14) has ei � f i value of �1.148. Based

on the required decision and the amount of sensing, there are four

different levels for task complexity for robots. So they need to use

level 1 for achieving the better accuracy in assembly section.

8. Conclusion

Medical equipment manufacturing industry contains several

risk factors in the HRI in the assembly section. This paper not only

deliberates the process of HRI but also comprehend the signifi-

cance of HRI in the Indian scenario. The industrial managers are

facing a lot of challenges to control the risk factors. Because of

restriction of time, they are using some traditional techniques for

examining the risk factors but it is a difficult activity to manage

it. For solving this issue, the most influential risk factors are iden-

tified by using DEMATEL, a multi-criteria decision making method.

Automation level (A2) and reliability of the robot (A1) is the vital

one of human-robot interaction in the assembly section based on

the causal diagram in Fig. 2. Robot with advanced programmes

and technologies, good reliability, behavior and also the Robot Sit-

uation Awareness (RSAW) system is much needed for controlling

the risks as well as improving the interaction with human-robot.

Finally, Selective Compliance Assembly Robot Arm (SCARA) robot

is required for the industry because it has good performance in

the assembly section.

The results reported in this paper are based on only subjective

decisions and the expert’s team. It has several limitations that

can be investigated in the future. DEMATEL method is used in this

paper for analysing the risk factors but other ranking methods like

VIKOR, AHP and ANP could also be tested. Finally, the case study

conducted is in an industry located in southern part of India.

Future researchers may explore a similar study in different regions

in India to find the influence of factors on the HRI process.
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