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a b s t r a c t

From the triple bottom line, the social aspect has received relatively limited attention during the
Corona Virus Disease (COVID-19) pandemic, particularly in the emerging economies. Social innovation
factors help improve the sustainability performance of the companies. This study develops a social
innovation decision framework and analyses the interrelationships among social innovation factors
considering the COVID-19 situation. For this purpose, the Decision-Making Trial and Evaluation
Laboratory (DEMATEL) is extended by integrating the Z numbers and rough fuzzy set theory into its
computational procedure. Z-numbers address the uncertainty of the decision and experts’ confidence
in the evaluation and rough numbers are used for aggregating the experts’ opinions. On this basis,
the mutual influence of social innovation factors and the influence weights of these factors are
investigated. The results suggest that a quick response to market demand for sustainable products
is the most influential factor in attaining social sustainability innovation during the pandemic. This
article is concluded by providing insights for industrial experts and decision-makers to understand
the underpinnings of social sustainability innovation during unforeseen situations.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Industrialization has negatively impacted society and nature.
dverse social issues, like poverty, corruption, and human rights
long the supply chains are the major obstacles to pursuing sus-
ainable development targets [1]. Governments are introducing
tricter measures to enforce sustainability standards in different
ectors; following these directives is necessary to materialize the
ustainable development goals [2]. Corporations should cooperate
o alleviate the negative impact of their activities taking into
onsideration social, economic, and environmental considerations
3,4]. As one of the major tenets of sustainable development [5],
ustainable innovation is of high relevance in adjusting opera-
ions to alleviate negative environmental impacts and improve
ocio-economic and organizational performance; it consists of
echnological, process, and social innovations for energy saving,
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J.J.H. Liou).
ttps://doi.org/10.1016/j.asoc.2022.109157
568-4946/© 2022 Elsevier B.V. All rights reserved.
waste management, and pollution reduction along supply chains
[6].

The Corona Virus Disease (COVID-19) outbreak has impacted
business operations and interrupted supply chains [7]. The num-
ber of COVID-19 patients is increasing rapidly with the delta
and lambda variants taking the death toll and infection rate
to over 4.3 and 204.9 million, respectively, as of August 2021.
Governments have responded by limiting non-necessary business
activities, social distancing, minimizing public gatherings, and
canceling indoor events with more than a certain number of
participants, among other measures [7]. Lack of raw-material
and parts (i.e., chip shortage) and delayed deliveries to the final
consumers have been the major consequences of lockdown mea-
sures. In this situation, the socio-economic and socio-environ-
mental aspects of businesses have been impacted the most [8].
The pandemic has made decision-makers adjust their supply
chain to a more sustainable standard. In particular, the outbreak
of COVID-19 has dramatically increased the importance of human
health within organizations [9]. Well-informed decisions and ini-
tiatives for workplace safety, social distancing, remote working,
and health monitoring are much needed to enhance the social

aspect of supply chain sustainability in times of pandemic [10].
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or implementing sustainable supply chains, firms must be inno-
ative and responsive to damaging socio-environmental effects.
ustainable innovation includes completely new or developed
roducts, processes and techniques that lead a reduction in harm-
ul socio-environmental effects and improved life quality [11,12]
he role of the social dimension of sustainable innovation has
eceived very limited attention in the academic literature; a gap
hat motivated us to explore the mutual influence among social
nnovation factors considering the COVID-19 pandemic.

To understand the underpinning of sustainable innovation
uring disaster situations, there is a need to investigate the influ-
nce of COVID-19-related circumstances on social factors. To the
est of the authors’ knowledge, the mutual influence between the
ocial sustainability innovation factors considering the COVID-
9 epidemic situation has not been studied. The outcomes of
uch analysis show the beneficial and/or detrimental relation-
hips among the factors, which is necessary for suggesting the
est course of managerial actions and improving the performance
f the sustainability practices. The following research questions
re sought to address this research gap:
Q1. Which factors are pertinent for investigating the social

imension of sustainability innovation considering the COVID-19
andemic?
Q2. How do the interdependencies among social innovation

actors impact the decisions?
A twofold contribution is defined to answer these questions.

irst, a set of decision factors are identified through literature
eview and interviews with experts to shed light on the so-
ial dimension of sustainability innovation decisions during the
OVID-19 pandemic. The Decision-Making Trial and Evaluation
aboratory (DEMATEL) can be used to study the interrelationships
etween the factors pertinent to a decision. The basic DEMATEL
s limited in that it cannot address the issue of information
ncertainty and ambiguity. Besides, experts’ judgments in group
ecision-making of DEMATEL methods are often integrated using
implistic methods, like simple and weighted averages, which
educes the confidence in the evaluation. Incorporating the Z
uzzy set and rough fuzzy set theories will help overcome these
ssues in the DEMATEL. As the second contribution, the Rough-
-DEMATEL technique is proposed to effectively investigate the
nterdependencies among the social innovation factors during
he COVID-19 pandemic situation. Z-numbers reflect the uncer-
ainty and confidence of experts in the evaluation [13], [14] and
he opinions of multiple experts can be aggregated using rough
umbers [15].
Considering the depth of the COVID-19 catastrophe in the

anufacturing sector of the emerging economies, case stud-
es from this scope are used to inform other situations. A vi-
ual graph, called Influential Network Relation Map (INRM), is
onstructed to help improve the decision-making process in
imilar situations. Overall, the outcomes will help managers to
nderstand the influential relationship among the social innova-
ion factors in the evaluation system and make well-informed
ecisions and strategies for promoting sustainable innovation
n the manufacturing sector. Besides, managerial insights and
ractical implications are provided for industry practitioners and
ecision-makers.
The remainder of this manuscript is structured as follows. Sec-

ion 2 provides a review of the most relevant literature. Section 3
laborates on the research methodology. Section 4 evaluates the
pplicability of the proposed model and decision framework us-
ng a case illustration. Section 5 presents the discussion of the
esult. Section 6 presents the practical and theoretical implica-
ions of the study. Finally, Section 7 provides the concluding
emarks and suggestions for future development in the field.
2

2. Background

2.1. Sustainable supply chain management

Improving the socio-environmental and socio-economic as-
pects of supply chains is essential for sustainable development
[16]. Social pressures, strict regulations, and the growing public
knowledge urge companies to utilize sustainability initiatives in
their supply chain operations. In this situation, companies are
required to establish a balance between their interests and re-
sponsibilities pertinent to social, economic, and environmental
issues [17]. As one of the major drivers of sustainable devel-
opment, Sustainable Supply Chain Management (SSCM) refers
to the initiatives that maximize social wellbeing and alleviate
negative environmental impacts of the relevant operations [4];
it consists of managing the materials, information, resources,
and collaboration between the players within the supply chain
taking into consideration social, economic, and environmental
considerations [18]. In addition to alleviating the negative impact
of supply chain activities, SSCM improves corporates’ image and
organizational performance [19] and helps establish competitive
advantage [20]. A growing number of research papers are ad-
dressing SSCM from which, the published works on sustainable
innovation are reviewed in the following sub-section.

2.2. Sustainable innovation

Innovation is a prerequisite to achieving sustainable develop-
ment with maintaining long-term growth being its major pillar
[21]. Innovative approaches are much needed for firms to min-
imize the negative impacts of their activities and pursue sus-
tainability goals [1]. Sustainability innovation can be described as
adjusting products and processes to reduce their negative socio-
environmental impact [22]; it benefits companies by improv-
ing their social image and profitability [23]. Poverty, corruption,
health, and safety are prime examples of social challenges that
can be addressed through sustainable innovation [24].

Sustainable innovation has implications for social, techno-
logical, and cultural aspects of supply chains, which can bring
about performance improvement in various organizational and
market aspects [25]. The SSCM scholars have long acknowledged
that innovation plays a critical role in long-term sustainable
development, investigating sustainable innovation in various do-
mains, like in smart product design [26], and end-user sustainable
innovation [27], and policymaking [28]. Overall, sustainable in-
novation consists of social, economic, and environmental aspects
[29]; Fig. 1 illustrates the key dimensions of sustainable inno-
vation, which are intertwined and may have overlapped. Social
innovation, as the main focus of the present study, is reviewed in
the upcoming sub-section.

2.3. Social innovation and COVID-19 pandemic

Social innovations are new ideas with system-changing na-
ture to deal with socio-economic and -environmental aspects
and influence people’s understanding [30]. In another definition,
social innovation is described as novel social practices for dealing
with various social challenges [6]; it consists of implementing
novel ideas to resolve different socio-environmental issues, im-
prove sustainability, and pursue sustainable development goals
[31]. McKelvey and Zaring [32] suggested that social innova-
tion is a major driver for pursuing social changes; it can be
implemented in various domains, like commercial, non-profit,
and government companies to offer innovative solutions to vari-
ous socio-environmental problems [33]. Companies can establish
a competitive advantage and enhance profitability by creating
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Table 1
Social innovation factors.
Factors Supporting references

Effective communication strategies [38], [32]
Improving skills [38], [8]
Cultural and social principles [39], [40]
Responding to social pressures of stakeholders [25], [41]
Sharing awareness [37], [36]
A diversified portfolio of suppliers [37], [36]
Occupational health and safety [42], [43]
Localization [7], [35]
Corporate social responsibility initiatives [29], [34]
Working in remote situations [7], [8]
Implementing social and economic initiatives [44], [25]
Utilizing practical policies considering social indicators [40], [43]
(
b

Fig. 1. Dimensions of sustainable innovation.

ocial values through implementing social innovative practices
34].

The COVID-19 pandemic is, by far, the most disruptive event
f the past century. The pandemic has seriously impacted hu-
anity and negatively impacted the world economy and the
lobal market [7,35]. In particular, supply chains have suffered
rom serious damage to brand image, supply continuity, stake-
older safety, and logistic services, which have resulted in various
evels of performance degradation [36]. Arguing that industry
xperts are concerned the most with the damaging impacts of
he COVID-19 situation on business activities and supply chains,
ostin and Wiley [8] noted that companies are confronting chal-
enges pertinent to social and environmental aspects through
ractical and innovative solutions. In this situation, corporations
ave employed different social initiatives, like health-related fac-
ors, working in remote conditions, skill improvement, and other
afety-related measures to reduce the adverse impacts of the pan-
emic on supply chains [37]. Table 1 summarizes various social
nnovation factors, including both conventional social innovation
onsiderations, and those pertinent to the COVID-19 pandemic.

.4. Research gap

Howaldt and Kopp [6] suggested that social innovation should
eceive more attention relative to technological innovation to
eal with social issues. Social innovation has received recent
ecognition both in the academic literature and practice, with
growing number of scholars investigating the social aspect of
ustainability innovation from different perspectives, like cross-
ountry comparison of social innovations for sustainable con-
umption [45], food provisioning [46], public health [47], univer-
ities and social innovation for global sustainable development
48], digital eco-system [49], telecommunication and financial
3

services [50], forestry [51], as well as conceptual studies for gen-
eral application [52,53]. Studies at the intersection of social in-
novation, sustainable supply chains, and the COVID-19 pandemic
are very limited.

A growing number of studies have shifted their focus on
exploring the impact of the pandemic situation on various aspects
of SSCM (e.g., [7,54,55]). Fewer studies explored social inno-
vation decision factors at the intersection of supply chain and
COVID-19 topics [36]. To the best of the authors’ knowledge, the
mutual influence among social innovation factors considering the
pandemic situation has not been studied. This study extends to
address this gap by developing a decision support tool to analyze
the interdependencies among social innovation factors, which
helps understand the underpinnings of this aspect of sustainable
innovation. A detailed description of the developed method is
provided in the next section.

3. Research method

This section introduces the Rough-Z-DEMATEL approach. The
Rough-Z-DEMATEL improves the adaptability of the basic fuzzy
DEMATEL by effective integration of the expert’s opinions/
judgments and the confidence of experts in the assessment as
well as addressing the uncertainty of information [56]. The basic
concepts and operators of the Z fuzzy set and rough numbers are
first presented. Next, the computational steps of the Rough-Z-
DEMATEL approach are detailed. Finally, the Influential Network
Relation Map (INRM) is described for the visualization of the
interrelationships between the studied factors.

3.1. Z fuzzy set

In group decision-making, the confidence of the decision-
makers/experts in the assessment and the uncertainty of infor-
mation should be taken into consideration. Zadeh [57] proposed
Z-numbers as a special type of fuzzy method that measures the
confidence of experts in the evaluation. Z-numbers have been
widely used in various decision-making problems [13], [14] to
address these issues. The computational process of Z-numbers is
detailed below.

Step 1. Define the fuzzy system of the evaluation value and con-
fidence. Z-numbers are modeled considering triangular fuzzy
triplets. A Z-number can be defined as Z =

(
F̃ , Q̃

)
=(

f L, f M , f U
)
,
(
qL, qM , qU

))
, where F̃ represents the fuzzy mem-

ership function of general evaluation, namely F̃ =
(
f , µF̃

)
|y ∈ [0, 1] , and Q̃ is the confidence level of the expert in the
evaluation that is also a fuzzy membership function denoted by
Q̃ =

(
q, µ

)
|y ∈ [0, 1] .
Q̃
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tep 2. Convert the fuzzy membership function of confidence to the
risp equivalent. The confidence Q̃ is converted into a crisp value
y applying the integral concept shown in Eq. (1). The parameter
‘ϕ’’ denotes the confidence weight.

=

∫ y
µQ̃ dy∫ µQ̃ dy

. (1)

Step 3. Generate a Z-number. Incorporate the confidence weight
ϕ into the evaluation value F̃ to obtain the weighted Z fuzzy
embership function using Eq. (2).

ϕ
=

{(
y, µF̃ϕ

) ⏐⏐µF̃ϕ (y) = ϕµF̃ (y) , y ∈ [0, 1]
}
. (2)

Finally, the weighted Z fuzzy membership function can be
onverted into a regular triangular fuzzy number using Eq. (3).

∗
=

(√
ϕf L,

√
ϕf M ,

√
ϕf U

)
. (3)

.2. Rough numbers

In group decision-making, the alternative rankings/priorities
re determined based on multiple experts’ integrated subjec-
ive assessments. That is, observations/opinions/judgments, the
urvey data of multiple experts should be integrated in a mean-
ngful way to improve the decision outcomes [15]. Zhai et al.
58] developed rough numbers to construct the upper and lower
pproximations of a group opinion based on the rough set theory.
he implementation process of rough numbers is briefed below.

tep 1. Construct lower and upper approximations. Assuming U as
universe containing all objects with X being a random object

rom U, there exists a set construct with v classes denoting the
xpert’s preferences, E = {K1, K2,. . . , Kv} where K1 < K2 <. . . <

v . In this definition, if ∀X∈U, Kq ∈E, 1≤q≤v, two sets Apr
(
Kq

)
and Apr

(
Kq

)
represent the lower and upper approximations of Kq,

hich are represented in Eq. (4) and (5), respectively. Besides, the
oundary interval, denoted by Bnd

(
Kq

)
can be determined using

Eq. (6).

Apr
(
Kq

)
=

{
X ∈ U/E (X) ≤ Kq

}
, the lower approximation; (4)

Apr
(
Kq

)
=

{
X ∈ U/E (X) ≥ Kq

}
, the upper approximation; (5)

nd
(
Kq

)
=

{
X ∈ U/E (X) ̸= Kq

}
=

{
X ∈ U/E (X) > Kq

}⋃{
X ∈ U/E (X) < Kq

}
. (6)

tep 2. Define rough lower and upper limits. The expert opinions
an be aggregated using rough numbers with lower and upper
imits, i.e. Lim

(
Kq

)
and Lim

(
Kq

)
. These limits are calculated using

he arithmetic mean of the elements in the lower and upper
pproximations shown in Eq. (7) and (8), respectively.

im
(
Kq

)
=

NL∑
i=1

E (X) /NL
⏐⏐X ∈ Apr

(
Kq

)
; (7)

im
(
Kq

)
=

NL∑
i=1

E (X) /NU
⏐⏐X ∈ Apr

(
Kq

)
. (8)

where NL and NU indicate the total number of objects contained in
the lower and upper approximations of Kq, respectively. Notably,
the rough boundary, RBnd

(
Kq

)
represents the interval between

the upper and lower limits of object Kq, as shown in Eq. (9).

RBnd
(
Kq

)
= Lim

(
Kq

)
− Lim

(
Kq

)
. (9)

RBnd
(
Kq

)
represents the calculated value of expert consensus,

with higher values indicating that there are variations in the
experts’ opinions while lower RBnd

(
Kq

)
shows that the experts

unanimously agree without major conflicts in their judgments.
4

Step 3. Determine the interval value of rough numbers. As a final
step, the opinions of a group of experts should be converted
into a set of rough numbers shown in Eq. (10). For a detailed
explanation of the calculation of rough numbers, we refer the
readers to Chang et al. [59].

RN
(
Kq

)
=

[
Lim

(
Kq

)
, Lim

(
Kq

)]
(10)

3.3. The proposed technique: Rough-Z-DEMATEL

As one of the most popular Multiple Criteria Decision-Making
(MCDM) techniques, DEMATEL evaluates the interrelationship
between criteria or factors. The outcome of DEMATEL analysis is
a structured visual graph, the INRM, which helps decision-makers
or experts to understand the direction of influence between the
factors [60].

This study extends the DEMATEL technique by integrating (1)
Z-numbers to reflect the qualitative information uncertainty and
individual confidence of experts in the evaluation; (2) rough set
theory to aggregate interview data from multiple experts. Rough-
Z-DEMATEL not only improves the coverage of uncertain infor-
mation but also determines the consensus of a group of decision-
makers. We now elaborate on the computational procedure of the
Rough-Z-DEMATEL.

Step 1. Prepare the list of social sustainability innovation factors.
Invite professional experts on social sustainable innovation to set
up an expert group. After group discussion and literature review,
the evaluation factors, Fi = {F1, F2, . . . , Fn} are determined.

tep 2. Create the fuzzy membership function of Z-numbers. The Z
embership functions across MCDM methods are different. This
tudy adopts the Z-DEMATEL linguistic variables proposed by Hsu
t al. [61]. For evaluating the interrelationships between factors,
he experts determine the influence of factor i on factor j, (i,
= 1, 2,. . . , n), and assign their confidence in the response. The

influence evaluation scale is determined using one of the follow-
ing linguistic terms: ‘‘No Influence (NI)’’, ‘‘Weak Influence (WI)’’,
‘‘Fair Influence (FI)’’, ‘‘Very high Influence (VI)’’, and ‘‘Absolute
Influence (AI)’’. Besides, the five scales of confidence are ‘‘Very
Low (VL)’’, ‘‘Low (L)’’, ‘‘Moderate (M)’’, ‘‘High (H)’’, and ‘‘Very High
(VH)’’. For example, an expert’s response to assessing an event
is ‘‘weak influence and moderate confidence’’. It can be recorded
as {WI, M}. That is, the corresponding Z membership function is
(0.000, 0.707, 1.414). Given a total of 25 combinations of linguistic
terms, the Z fuzzy membership function corresponding to the
linguistic variable of each combination is provided in Table 2.

Step 3. Establish the z direct influence matrix for each expert. The
experts use the linguistic variables in Table 2 to construct a direct
influence matrix, as shown in Eq. (11).

⊗ D(k)
=

[
⊗d(k)

ij

]
n×n

=

⎡⎢⎢⎢⎢⎢⎣
⊗d(k)

11 ⊗d(k)
12 · · · ⊗d(k)

1n

⊗d(k)
21 ⊗d(k)

22 · · · ⊗d(k)
2n

...
...

. . .
...

⊗d(k)
n1 ⊗d(k)

n2 · · · ⊗d(k)
nn

⎤⎥⎥⎥⎥⎥⎦
n×n

. (11)

where ⊗d(k)
ij =

(
d(k),L
ij , d(k),M

ij , d(k),U
ij

)
represents a Z-number. It is

worthwhile noting that the diagonal elements in the matrix are
0 (i.e., there is no self-influence); that is, ⊗d(k)

ii = 0 when i = j.

Step 4. Defuzzying the elements of z direct influence matrix. Eq. (12)
is used to defuzzify the elements in the direct relationship matrix.

d(k)
=

(
d(k),L
ij + 2 · d(k),M

ij + d(k),U
ij

)
. (12)
ij 4
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Table 2
The linguistic variables and Z membership functions [61].

Confidence

VL L M H VH

Influence

NI (0.000, 0.000, 0.316) (0.000, 0.000, 0.548) (0.000, 0.000, 0.707) (0.000, 0.000, 0.837) (0.000, 0.000, 0.949)
WI (0.000, 0.316, 0.632) (0.000, 0.548, 1.096) (0.000, 0.707, 1.414) (0.000, 0.837, 1.673) (0.000, 0.949, 1.897)
FI (0.316, 0.632, 0.949) (0.548, 1.096, 1.644) (0.707, 1.414, 2.121) (0.837, 1.673, 2.510) (0.949, 1.897, 2.846)
VI (0.632, 0.949, 1.265) (1.096, 1.644, 2.192) (1.414, 2.121, 2.828) (1.673, 2.510, 3.347) (1.897, 2.846, 3.795)
AI (0.949, 1.265, 1.265) (1.644, 2.192, 2.192) (2.121, 2.828, 2.828) (2.510, 3.347, 3.347) (2.846, 3.795, 3.795)
[
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Step 5. Generate the rough direct influence matrix. Applying the
alculation process of rough numbers in Section 3.2, the direct
nfluence matrix from the experts is integrated into one rough
irect influence matrix shown in Eq. (13).

N (D) =
[
RN

(
dij

)]
n×n

=

⎡⎢⎢⎢⎢⎣
RN (d11) RN (d12) · · · RN (d1n)

RN (d21) RN (d22) · · · RN (d2n)
...

...
. . .

...

RN (dn1) RN (dn2) · · · RN (dnn)

⎤⎥⎥⎥⎥⎦
n×n

. (13)

here RN
(
dij

)
=

[
Lim

(
dij

)
, Lim

(
dij

)]
and symbol ‘‘RN ’’ repre-

ents a rough number.

tep 6. Calculate the normalized rough direct relation matrix
Eq. (14) is used to normalize the rough direct influence matrix.

N (A) =
[
RN

(
aij

)]
n×n

=

⎡⎢⎢⎢⎢⎣
ρ · RN (d11) ρ · RN (d12) · · · ρ · RN (d1n)

ρ · RN (d21) ρ · RN (d22) · · · ρ · RN (d2n)
...

...
. . .

...

ρ · RN (dn1) ρ · RN (dn2) · · · ρ · RN (dnn)

⎤⎥⎥⎥⎥⎦
n×n

(14)

here RN
(
aij

)
=

[
Lim

(
aij

)
, Lim

(
aij

)]
, and ρ = min

1
maxi

∑n
j=1 Lim(aij)

, 1
maxj

∑n
i=1 Lim(aij)

}
.

tep 7. Obtain the rough total influence matrix. The rough total
nfluence matrix is raised to an infinite power, as shown in
q. (15) to estimate the total influence between the factors, which
onsists of direct and indirect relationships. Eq. (15) is derived
rom Eq. (16) as a simplified calculation formula.

N (T ) =RN (A) +RN (A)2 + · · · + RN (A)∞ (15)

N (A) = RN (A) +RN (A)2 + · · · + RN (A)∞

= RN (A)
(
I + RN (A) +RN (A)2 + · · · + RN (A)∞−1)

= RN (A)
(
I − RN (A)∞

)
(I − RN (A))−1

= RN (A) (I − RN (A))−1

(16)

here RN (A)∞ = [0]n×n and ‘‘I ’’ denotes the Identity matrix,
hich is a zero matrix with diagonal values of 1.

tep 8. Plot INRM to visualize the influential relationship among
he factors. The degree of rough affecting relationship (RN (Ri))
nd the degree of rough affected relationship (RN (Ci)) can be
btained by adding up the rough total influence matrix of every
ow and column, respectively, as shown in Eqs. (17)–(18).

[RN (Ri)]n×1 =

⎡⎣ n∑
RN

(
tij

)⎤⎦ , (17)

j=1 n×1

5

[
RN

(
Cj

)]
1×n =

[
n∑

i=1

RN
(
tij

)]
1×n

= [RN (Ci)]Tn×1 . (18)

where RN (Ri) =
[
Lim (Ri) , Lim (Ri)

]
and RN (Ci) =

Lim (Ci) , Lim (Ci)
]
. On this basis, Eqs. (19)–(20) are used to

convert the rough numbers into crisp equivalents denoted by Ri
and Ci.

Ri =

(
Lim (Ri) + Lim (Ri)

)
2

(19)

Ci =

(
Lim (Ci) + Lim (Ci)

)
2

(20)

Finally, Ri + Ci expresses the strength of total influences, com-
prising dispatched and received. Larger values of ‘‘Ri + Ci’’ for a
factor determine its high significance in the evaluation system.
Therefore, the influence weights of the factors can be obtained
using Eq. (21).

wi =
(Ri + Ci)∑n
i=1 (Ri + Ci)

(21)

On the other hand, Ri - Ci can be used to determine the net
nfluence of the factor. Given Ri + Ci and Ri + Ci as the measures
n the horizontal and vertical axis, respectively, the coordinates
f each factor determine its position on INRM. Besides, arrows are
sed to show the direction of significant influence amongst every
air of the factors.

. Case application and results

.1. Case background

Inputs from a developing country in the Middle East are used
o explore the mutual influence among the social innovation
actors during the COVID-19 pandemic. Social sustainability de-
elopment in Iran’s manufacturing sector is at its initial stages
nd needs more investment and investigation [62]. For achieving
he research objectives, seven managers from seven different
ranian manufacturing firms were selected as our experts to par-
icipate in this study and help in the assessment process. Each
f these experts has more than 10 years of working experience.
he experts are purposely selected from different backgrounds
or gaining homogeneity and ensuring that the results can be
eneralized and inform other industry situations. According to
ezaei et al. [63], expert-based methodologies can rely on a small
ample of experts, like in Gupta and Barua [5] and Moktadir et al.
64]. Table 3 summarizes the expert profiles.

.2. The assessment framework

Given the social innovation factors in Table 1, a survey was
esigned and submitted to the experts to determine whether
hese factors are perceived as relevant in their company’s supply
hains; (Yes) for accepted, or (No) for rejected. Besides, they were
sked to suggest additional social innovation factors that are per-
eived as relevant according to their experience. After approving
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Table 3
Profile of the experts involved in this study.
Expert Position Experience

(Years)
Industry

1 Supply manager 15 Leather manufacturing firm
2 Production manager 16 Steel manufacturing firm
3 Financial manager 17 Automobile firm
4 General manager 12 Electronic firm
5 Purchasing manager 11 Tile firm
6 Assistant supply manager 15 Plastic firm
7 Marketing manager 18 Motorcycle firm

the factors list by at least five experts, it was sent back to the
experts for the next round of review, and they were requested to
revise their first response if necessary. On this basis, ‘Rights of the
mployees’ and ‘Quick response to market demand for sustainable
roducts’ were suggested by two of the decision-makers. After
hree rounds of reviews, eight factors were selected for the final
valuation, as explained in Table 4. This screening approach has
een widely applied to determine whether a particular factor
hould be included in the final assessment [65].

.3. Application of Rough-Z-DEMATEL

The experts were invited to assess the mutual influence of
actors using the linguistic terms from Table 2. The input from
xpert 1 is presented in Table 5 as an example. Following the
-numbers conversion approach proposed by Hsu et al. [61],
he elements of Table 5 are then converted to Z membership
unction equivalents shown in Table 6. Finally, the defuzzification
rocedure is applied to the Z membership functions to obtain the
risp direct influence matrix of Expert 1, as shown in Table 7.
t the pre-processing stage, the uncertainty and confidence of all
xperts are considered in the assessment.
MCDM studies predominantly use simplistic methods, like

imple and weighted averages to integrate group judgments. This
pproach is limited in that it may cause missing parts of the
nformation. For example, even if an expert expresses extreme
pinions, it can be ignored when the average method is used.
he concept of rough set theory is applied to address this issue.
able 8 shows the outcome that is used to construct the lower and
pper approximations of the group. In so doing, the consensus
f experts can be subtracted from the upper approximation by
he lower approximation. For example, the rough direct influence
f F1 on F2 is [1.682, 1.792] and the consensus degree in this
udgment amounts to 0.11. Given the maximum and minimum
alues in Table 2, the consensus degree ranges from 0 to 3.795.
After completing the computational process of

ough-Z-DEMATEL, the influence weights are obtained and the
NRM is constructed considering the prominence (Ri + Ci), and
et-causation (Ri - Ci) values. According to Table 9, F6 has the
ighest influence weight, which is 0.135. There is no significant
ifference in the weight of the rest of the factors because they
ave a strong mutual influence. The INRM of the factors is pre-
ented in Fig. 2 followed by a discussion of the results provided
n Section 5.

. Discussions

The resulting ranking of social sustainability innovation factors
s F6 > F7 > F8 > F3 > F5 > F4 > F1 > F2; ‘‘Quick response
o market demand for sustainable products (F6)’’ received the
ighest ranking in the analysis, hence, can be regarded as the
ost influential factor for attaining social sustainability innova-

ion. Previous studies suggested that corporations should develop
ffective strategies and consider a variety of social standards
6

while responding to market demands [11]. Particularly in highly
uncertain situations, like the COVID-19 pandemic, applying ef-
fective social standards plays a significant role in maintaining
the sustainability and competitiveness of the corporations [25].
This is in line with our findings from the Rough-Z-DEMATEL
analysis where ‘‘Quick response to market demand for sustainable
products’’ shows the highest prominence. Industrial experts and
decision-makers in emerging economies should prioritize this
factor to pursue social sustainability innovation during and after
the COVID-19 pandemic.

The next important social sustainability innovation factor ap-
pears to be ‘Working in remote situations (F7)’ considering the
prominence ranking. During the COVID-19 pandemic, most of
the employees are working from home, some of which may face
technical issues related to infrastructure and bandwidth ability
and limitations, like living with families in a small home with
limited facilities. Employers need to understand the situation of
the employees and provide them with the necessary support
and solutions to their problems to ensure that they are more
effectively engaged in work and can stay productive. Besides,
working from home may become a norm for certain industries.
The results are in line with the findings of Gostin and Wiley [8]
who also indicate that employers need to focus on the working
conditions of their employees during the time of the pandemic.

The third important factor as per the prominence ranking is
‘Localization (F8)’. The pandemic has caused disruptions all over
the world and impacted the logistics sector the most with pro-
duction schedules being delayed for many organizations. Besides,
many small- and medium-size organizations have been forced
to close down or limit their operations, causing job losses. To
overcome the impact of disruptions caused by the major dis-
ruptive events, like pandemics, organizations need to be more
supportive of local companies and products, while organizations
need to source more products and raw materials from local sup-
pliers and small businesses, which in turn improves employment
opportunities for locals [7,66].

The ‘Cultural and social principles (F3)’ is the next impor-
tant social innovation factor. Organizations all over the world
are disrupted due to the pandemic while their employees’ well-
being and productivity are also in jeopardy. Organizations need to
develop and re-assess their cultural and social values and princi-
ples to deal with changing situations. Managers should focus on
developing transparency and open communication within the or-
ganizations and creativity among employees to enhance problem-
solving capabilities. Besides, they should establish a collaborative
work environment for engaging employees at all functional levels
for developing solutions to the problems the company faces.
Overall, developing a culture that value and promote innovation
in the organizations encourages employees to come up with novel
solutions to deal with the disruptions caused due to pandemic.
Recent studies, like [39] and [40] support the idea that orga-
nizations need to focus on their cultural and social values for
supporting social sustainable innovations for dealing with the
impacts of the pandemic.

Analyzing the INRM graph in Fig. 2, one can conclude that
the social sustainability innovation factors ‘Quick response to
market demand for sustainable products (F6)’, ‘Working in re-
mote situations (F7)’, ‘Localization (F8)’, ‘Rights of the employees
(F5)’ and ‘Improving skills (F4)’ have emerged as cause group
factors (i.e., the influencers). From the cause group factors, ‘Quick
response to market demand for sustainable products (F6)’ has the
highest influence in the network, which is also indicated by the
prominence ranking. It is also observed that F6 influences every
other social innovation factor. In this context, timely response to
the customer demands and knowing about sustainable products

influences localization. As organizations aspire to quickly meet
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Table 4
Factors in the proposed framework.
Factors Explanation

Utilizing practical policies considering
social indicators (F1)

This relates to the utilization of strategies, procedures, and programs that gain
the commitment of the involved parties, employees, and are necessary to
address the social considerations in the work place and beyond.

Effective communication strategies (F2) Providing the personel with clear, correct, and timely updates on the
situation, including the changes that may impact them and provide helps for
dealing with the changes.

Cultural and social principles (F3) The cultural and social values within a company determine the way the
employees behave in unprecedented conditions; adjusting such values
facilitate organizational sustainability and resilience.

Improving skills (F4) Improving the workforce skills and preparing them to better deal with the
challenges in turbulent situations.

Rights of the employees (F5) Workforce rights at the workplace and improving the working conditions
sustainably.

Quick response to market demand for
sustainable products (F6)

Developing knowledge about the market dynamics, timely response to
demand changes, and introducing sustainable products/services.

Working in remote situations (F7) Understanding the workforce issues related to remote working conditions
during the COVID-19 outbreak; this includes soft and hard factors that impact
the health, wellness, and productivity of the employees.

Localization (F8) Offering more opportunities to locals and more reliance on the native capacity.
Table 5
The Z direct influence matrix of Expert 1 (linguistic terms).

F1 F2 F3 F4 F5 F6 F7 F8

F1 0 (FI, H) (FI, H) (VI, M) (FI, M) (VI, H) (FI, H) (FI, H)
F2 (VI, H) 0 (VI, H) (WI, M) (FI, M) (FI, H) (WI, M) (WI, H)
F3 (FI, VH) (WI, M) 0 (NI, M) (WI, VH) (WI, VH) (NI, H) (WI, H)
F4 (VI, M) (FI, M) (VI, M) 0 (VI, VH) (WI, VH) (NI, M) (VI, VH)
F5 (WI, M) (NI, VH) (WI, H) (FI, VH) 0 (NI, M) (VI, VH) (VI, VH)
F6 (NI, H) (VI, VH) (FI, H) (VI, H) (VI, H) 0 (VI, VH) (FI, VH)
F7 (VI, H) (VI, VH) (NI, VH) (AI, H) (AI, H) (VI, M) 0 (NI, H)
F8 (WI, VH) (WI, H) (WI, VH) (VI, H) (WI, H) (AI, VH) (AI, H) 0
Table 6
The Z direct influence matrix of Expert 1 (Z membership functions).

F1 F2 F3 F4 F5 F6 F7 F8

F1 0 (0.837, 1.673,
2.510)

(0.837, 1.673,
2.510)

(1.414, 2.121,
2.828)

(0.707, 1.414,
2.121)

(1.673, 2.510,
3.347)

(0.837, 1.673,
2.510)

(0.837, 1.673,
2.510)

F2 (1.673, 2.510,
3.347)

0 (1.673, 2.510,
3.347)

(0.000, 0.707,
1.414)

(0.707, 1.414,
2.121)

(0.837, 1.673,
2.510)

(0.000, 0.707,
1.414)

(0.000, 0.837,
1.673)

F3 (0.949, 1.897,
2.846)

(0.000, 0.707,
1.414)

0 (0.000, 0.000,
0.707)

(0.000, 0.949,
1.897)

(0.000, 0.949,
1.897)

(0.000, 0.000,
0.837)

(0.000, 0.837,
1.673)

F4 (1.414, 2.121,
2.828)

(0.707, 1.414,
2.121)

(1.414, 2.121,
2.828)

0 (1.897, 2.846,
3.795)

(0.000, 0.949,
1.897)

(0.000, 0.000,
0.707)

(1.897, 2.846,
3.795)

F5 (0.000, 0.707,
1.414)

(0.000, 0.000,
0.949)

(0.000, 0.837,
1.673)

(0.949, 1.897,
2.846)

0 (0.000, 0.000,
0.707)

(1.897, 2.846,
3.795)

(1.897, 2.846,
3.795)

F6 (0.000, 0.000,
0.837)

(1.897, 2.846,
3.795)

(0.837, 1.673,
2.510)

(1.673, 2.510,
3.347)

(1.673, 2.510,
3.347)

0 (1.897, 2.846,
3.795)

(0.949, 1.897,
2.846)

F7 (1.673, 2.510,
3.347)

(1.897, 2.846,
3.795)

(0.000, 0.000,
0.949)

(2.510, 3.347,
3.347)

(2.510, 3.347,
3.347)

(1.414, 2.121,
2.828)

0 (0.000, 0.000,
0.837)

F8 (0.000, 0.949,
1.897)

(0.000, 0.837,
1.673)

(0.000, 0.949,
1.897)

(1.673, 2.510,
3.347)

(0.000, 0.837,
1.673)

(2.846, 3.795,
3.795)

(2.510, 3.347,
3.347)

0

customer demand during the pandemic, they need to focus on
developing more local sources for their product raw material
and assemblies. These considerations together help enhance lo-
calization and offer employment opportunities to locals. F6 also
strongly influences ‘Cultural and social principles (F3)’, ‘Improv-
ing skills (F4)’ and ‘Utilizing practical policies considering social
indicators (F1)’. For the companies to respond quickly to the
market changes, organizations should have a culture of open
7

communication about the work that needs to be done in a certain
time frame; this helps develop innovative solutions to meet the
deadlines in the volatile scenario caused by the pandemic and
other similar events. Besides, for adopting environmentally sus-
tainable products and being responsive to customer needs during
the time of the pandemic, organizations are encouraged to pro-
vide training to their employees to enhance their skills to meet
the organizations’ goals during the pandemic. Devising policies
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Fig. 2. The influential network relation map of the factors.
Table 7
The crisp direct influence matrix of Expert 1 (defuzzification results).

F1 F2 F3 F4 F5 F6 F7 F8

F1 0 1.673 1.673 2.121 1.414 2.510 1.673 1.673
F2 2.510 0 2.510 0.707 1.414 1.673 0.707 0.837
F3 1.897 0.707 0 0.177 0.949 0.949 0.209 0.837
F4 2.121 1.414 2.121 0 2.846 0.949 0.177 2.846
F5 0.707 0.237 0.837 1.897 0 0.177 2.846 2.846
F6 0.209 2.846 1.673 2.510 2.510 0 2.846 1.897
F7 2.510 2.846 0.237 3.138 3.138 2.121 0 0.209
F8 0.949 0.837 0.949 2.510 0.837 3.558 3.138 0

and social sustainability initiatives are required to compete with
other organizations during this volatile period, which emphasizes
responsiveness and the launch of sustainable products during the
pandemic as indicated by the interrelationship analysis.

The interrelationship analysis also revealed that ‘Working
n remote situations (F7)’ has a significant influence on some
ther factors like ‘Improving skills (F4)’, ‘Effective communica-
ion strategies (F2)’, ‘Utilizing practical policies considering social
ndicators (F1)’, ‘Rights of the employees (F5)’, and ‘Localization
F8)’.

Four DEMATEL-based method comparisons, including original
EMATEL, triangular fuzzy DEMATEL, Z-DEMATEL, and Rough-Z-
EMATEL (our model) are considered to study the methodological
mplication of the proposed method. The first method is the
lassic DEMATEL, where the evaluation scale is from 0 to 4 to
easure the interrelationship amongst the criteria. The second
ethod is triangular fuzzy DEMATEL, which introduces triangular

uzzy numbers into DEMATEL to reflect information uncertainty.
-DEMATEL is the third method, extending the concept of trian-
ular fuzzy DEMATEL, which takes into account the confidence
f experts in the evaluation. The last variant is the Rough-Z-
EMATEL technique, which is proposed in this paper. Table 10
nd Fig. 2 present the criteria weights and rankings for the four
EMATEL methods. The first two methods are not identical to the
esults of the proposed Rough-Z-DEMATEL analysis. Furthermore,
lthough the results of Z-DEMATEL are similar to the proposed
odel, we consider the integration of various expert opinions,

ndividual expert’s confidence and his or her uncertainty. Table 11
8

summarizes a description of the differences between the four
methods (see Fig. 3).

6. Implications

6.1. Practical implications

Given the limitations around working from home and the im-
portance of providing technical support and infrastructure, hav-
ing more employees working from remote locations influences an
organization’s ability to source raw materials and sub-assemblies
of their products from local sources; in doing so, the limitations
related to the workforce can be alleviated and the market demand
can be fulfilled in a timely fashion. In a post-pandemic world, the
work-from-home experience opens up new cost-saving opportu-
nities, support for less advantaged communities, and inclusion
of vulnerable groups and people with special needs and dis-
abilities. This requires organizations to provide training to their
employees so that they can work from remote locations more
effectively and efficiently considering available resources and
without stress-induced because of the pandemic-like situations.
Organizations are required to come up with policies for effec-
tive communication among employees working from different
locations so that organization’s sustainability-related goals can
be met effectively. Effective communication among employees
helps them to come up with innovative and sustainable ideas
for the problems and challenges that emerge due to pandemics.
Finally, working from home as a paradigm shift requires fresh
policies and law/regulatory frameworks to fully benefit from its
advantages. The managers should also be cognizant of the fact
that some workers can be more productive at home, and that
an optimal combination of working from home and at the office
in the post-pandemic world may be necessary. The pandemic
experience should be used as an opportunity to build a stronger
community that is better prepared for catastrophe. This topic
should be investigated from the operations management, work
psychology, and ergonomics perspectives.
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Table 8
The rough direct influence matrix (the integrated judgments of the experts).

F1 F2 F3 F4 F5 F6 F7 F8

F1 [0, 0] [1.682, 1.792] [1.074, 2.052] [1.458, 2.016] [0.685, 1.468] [1.009, 2.571] [0.532, 1.614] [0.776, 2.265]
F2 [0.607, 1.787] [0, 0] [1.518, 2.588] [0.785, 1.886] [0.7, 1.613] [1.278, 2.266] [0.697, 1.421] [0.583, 1.756]
F3 [1.487, 2.308] [0.781, 1.919] [0, 0] [0.961, 2.35] [0.938, 1.643] [0.68, 2.104] [0.92, 2.521] [1.154, 2.029]
F4 [1.372, 2.244] [0.807, 1.457] [1.268, 2.359] [0, 0] [0.879, 2.185] [0.86, 2.106] [1.033, 2.353] [1.343, 2.281]
F5 [0.568, 1.585] [0.684, 2.344] [0.689, 1.733] [1.357, 2.271] [0, 0] [0.77, 2.429] [1.909, 2.659] [0.835, 2.386]
F6 [0.976, 2.304] [1.067, 2.385] [1.416, 2.088] [1.084, 2.207] [1.411, 2.532] [0, 0] [1.498, 2.459] [1.337, 2.618]
F7 [0.997, 2.344] [1.632, 2.547] [0.845, 2.255] [0.647, 1.959] [1.855, 3.139] [0.915, 2.264] [0, 0] [0.959, 2.218]
F8 [0.878, 1.934] [0.576, 1.683] [1.495, 2.66] [0.679, 1.93] [1.291, 2.262] [1.261, 2.76] [1.503, 2.359] [0, 0]
Table 9
The results of the Rough-Z-DEMATEL analysis.

Rough R Rough C R C R+C R−C Weight Rank

F1 [0.786, 10.679] [0.758, 11.185] 5.733 5.971 11.704 −0.239 0.118 7
F2 [0.683, 10.321] [0.792, 10.926] 5.502 5.859 11.362 −0.357 0.114 8
F3 [0.759, 11.425] [0.898, 11.982] 6.092 6.440 12.532 −0.348 0.126 4
F4 [0.827, 11.536] [0.764, 11.248] 6.181 6.006 12.188 0.175 0.123 6
F5 [0.753, 11.834] [0.850, 11.441] 6.294 6.145 12.439 0.148 0.125 5
F6 [0.953, 12.577] [0.742, 12.501] 6.765 6.622 13.387 0.143 0.135 1
F7 [0.849, 12.642] [0.882, 11.810] 6.745 6.346 13.091 0.399 0.132 2
F8 [0.843, 11.974] [0.767, 11.895] 6.409 6.331 12.739 0.078 0.128 3
Fig. 3. Results analysis of the methods.
Table 10
Criteria weights and rankings obtained by the DEMATEL methods.

Original DEMATEL Triangular fuzzy DEMATEL Z-DEMATEL Rough Z-DEMATEL

Weight Rank Weight Rank Weight Rank Weight Rank

F1 0.119 7 0.119 7 0.118 7 0.118 7
F2 0.114 8 0.113 8 0.114 8 0.114 8
F3 0.128 3 0.128 3 0.126 4 0.126 4
F4 0.122 6 0.122 6 0.123 6 0.123 6
F5 0.125 5 0.125 4 0.126 5 0.125 5
F6 0.133 1 0.134 1 0.134 1 0.135 1
F7 0.133 2 0.134 2 0.133 2 0.132 2
F8 0.126 4 0.125 5 0.127 3 0.128 3
6.2. Academic implications

This study is the first to explore the influential relationship
f social innovation factors during the COVID-19 pandemic; it
an act as a stepping stone for researchers and academicians
9

to further explore other social factors under different scenarios.
This study also acts as reference for comparing social innovation
factors during and after the pandemic world, which helps the
researchers to understand whether there is a shift in the im-
portance of social innovation factors. The results will also help
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Table 11
Comparison of the DEMATEL methods.

Original
DEMATEL

Triangular
fuzzy DEMATEL

Z-DEMATEL Rough
Z-DEMATEL

Interaction relationship identification ✓ ✓ ✓ ✓
Information uncertainty assessment ✓ ✓ ✓
Expert confidence measure ✓ ✓
Multiple expert judgment integration ✓
Potential Information Coverage Low Medium High Very high
d

the policymakers and decision-makers in formulating policies for
improving social innovation during disturbance like a pandemic.
This study applied Rough-Z-DEMATEL to explore the influential
relationship of social innovation factors. This technique is rela-
tively new and taking a cue from this study, academicians and
researchers can explore other similar application areas.

7. Conclusions and future work

This study developed a decision analysis framework for inves-
igating social innovation taking into consideration the COVID-19
andemic situation, to analyze the interdependencies among the
elated factors in the manufacturing context of a developing
ountry. Twelve social innovation factors were initially identi-
ied through a comprehensive review of the literature. After the
creening by a group of seven industry experts, eight social in-
ovation factors, including traditional and COVID-19-related con-
iderations were considered for further evaluation. The Rough-
-DEMATEL model was developed for exploring the interrela-
ionships among social innovation factors within a novel group
ecision-making scheme. Notably, introducing the social inno-
ation factors during the COVID-19 pandemic and developing
he Rough-Z-DEMATEL technique for investigating the mutual
nfluence among social innovation factors are the major academic
ontributions of this article. The practical contribution of this
tudy comes from the insights provided into the understanding
f the social dimension of sustainable innovation taking into
ccount the COVID-19 pandemic situation. The outcomes of this
tudy help managers make well-informed decisions.
There are certain limitations to this study, which can offer

irections for further development in the field. The first limitation
f this work is that few experts from manufacturing companies
f one emerging economy have participated. Future works can
onsider other sectors and countries or regions considering com-
aring the findings with those of this manuscript. The second
imitation of this work is that the decision support framework
onsiders a limited number of factors. Potential future works
ould employ industry-specific factors and sub-factors for more
ccurate outcomes. Besides, this paper investigated only the so-
ial aspect of sustainable innovation during the COVID-19 disas-
er. The third suggestion for future works comes from extending
ur investigations to account for environmental and economic
spects of sustainable innovation under COVID-19 circumstances
nd exploring the interrelationships and possible interactions
etween them. For this purpose, other MCDM tools, like Inter-
retive Structural Modeling (ISM) can be extended by employing
uzzy or rough numbers to handle information ambiguity and
ncertainty. In so doing, the results could be compared with
ough-Z-DEMATEL to provide new insights. As the next sugges-
ion for future research, the social innovation factors introduced
n this study can inspire future studies on supply chains sus-
ainability in times of major disasters. From a methodological
erspective, future studies can integrate the stratified MCDM
ethods with DEMATEL or ISM to investigate the interrelation-
hip among innovation factors considering uncertain situations
nd events that may happen in the future. Finally, social sus-

ainability innovation research in developing countries is still in
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its early stages and requires more attention, especially in the
era of the COVID-19 pandemic; this work can be considered a
foundation for deeper studies on this research topic.
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