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Abstract

The fourth industrial revolution, often termed as Industry 4.0 or Smart Manufacturing, is influencing all aspects of business
management. Application of Industry 4.0 for quality management purpose is termed Quality 4.0. Lean Six Sigma (LSS)
implementation process is also getting influenced by Quality 4.0. Use of Lean Six Sigma in Industry 4.0/Quality 4.0 can
create differentiation in performance, and will improve competitiveness of organizations, besides making them future ready.
Critical Success Factors (CSF) for Lean Six Sigma in Quality 4.0 set-up are recently established. However, the hierarchy of
Critical Success Factors (CSF) for Lean Six Sigma under Quality 4.0 framework is not yet available. This paper establishes
the hierarchy using multiple methodologies including ISM (Interpretive Structural Modelling) and TISM (Total Interpretive
Structural Modelling), MICMAC (cross-impact matrix multiplication applied to classification), and Hierarchical Clustering.
Managerial and theoretical implications of this study are presented from both Lean Six Sigma, and Information Technology
perspectives.

Keywords Lean Six Sigma - Quality 4.0 - Industry 4.0 - Critical success factors - Hierarchical relationship - Interpretive
structural modelling - TISM - MICMAC - Smart manufacturing

Introduction

Information technologies of fourth industrial revolution, i.e.
Industry 4.0, are influencing all aspects of business man-
agement. Application of Industry 4.0 technologies for qual-
ity management is termed Quality 4.0 (Jacob 2017; Juran
2019). Lean Six Sigma (LSS) is also significantly affected
by Industry 4.0 (Onur and Omer 2018; Park et al. 2020).
Critical success factors for Lean Six Sigma under Quality
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4.0 are identified by Yadav et al. (2021). However, hierarchy
of these factors is not established.

Hierarchy of CSF for LSS without Quality 4.0 is
attempted by multiple researchers using different method-
ologies. Belhadi et al. (2019) established hierarchy using
AHP (analytical hierarchy process). Laosirihongthong et al.
(2006) also adopted AHP approach. Zandhessami and Rah-
gozar (2018) used Dematel (Decision Making Trial and
Evaluation Laboratory) approach for this purpose. Sreed-
haran et al. (2018) used TOPSIS (The Technique for Order
of Preference by Similarity to Ideal Solution) methodology
to establish hierarchy of critical failure (not success) factors
for LSS.

Jha et al. (2019) established hierarchy of CSF for LSS
using ISM (interpretive structural modelling) methodology.
Sindhwani et al. (2019) followed ISM approach to establish
CSF for LSS, Agile, and Green Manufacturing system. Soti
et al. (2010) also used ISM techniques to explore hierarchy
of LSS enablers. In ISM-based studies, MICMAC (cross
impact matrix multiplication applied to classification)
method was also used to classify factors in different catego-
ries. Hierarchical clustering approach is also followed by
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many researchers to establish hierarchy in LSS (Duarte et al.
2012; Ray et al. 2013; Sordan et al. 2020).

This paper aims to establish hierarchy of Critical Success
Factors (CSF) for Lean Six Sigma (LSS) in Quality 4.0 set-
up using three methodologies, i.e., ISM (Interpretive Struc-
tural Modeling) and TISM (Total Interpretive Structural
Modeling), MICMAC (cross-impact matrix multiplication
applied to classification), and Hierarchical Clustering.

The study is compiled in six different sections. Litera-
ture review is carried out in "Literature Review" section.
It covers elementary concepts including Lean Six Sigma,
Industry 4.0, Quality 4.0, and their importance for business
enterprises and competitiveness. Critical Success Factors
(CSF) for Lean Six Sigma (LSS) previously available are
also reviewed in this section. Explanation of methodologies
is provided in "Methodologies Used" section. Model build-
ing is done in "Model Building and Result" section. Dis-
cussion and conclusions form "Discussion and Conclusion”
section of the study. Research implications, limitations, and
directions for future research are furnished in "Implications,
Limitations, and Direction for Future Research" section.

Lean Six Sigma Focus Areas
Highlighted by Yadav et al. (2021)

Literature Review

The literature review is performed to explore details about
Lean Six Sigma, Industry 4.0, and Quality 4.0. It also
explores Critical Success Factors (CSF) for Lean Six Sigma
(LSS) using Quality 4.0, and the hierarchy of CSF for LSS.

Lean Six Sigma

Lean Six Sigma (LSS) is an umbrella term used to describe
set of tools and methods that cut-down process waste and
unwanted variation. It makes processes robust, reliable, con-
sistent, and efficient. The focus areas of LSS are presented in
Fig. 1. On eliminating all wastes, the system is considered to
be Lean (Dahlgaard and Dahlgaard-Park 2006; Hicks 2007).
Similarly, when variation is reduced to an extent that its
standard deviation is six times lesser than permissible vari-
ation on each side of target value, it is considered to have
attained Six Sigma performance level (Soti et al. 2010). The
concept of LSS is universal and applies to all business pro-
cesses and all types of businesses (Bento and Tontini 2019;
Gelmez et al. 2020).

Quality 4.0 Focus Areas
Highlighted by Juran (2019)

Fig.1 Lean Six Sigma and Quality 4.0 Interface

@ Springer | X

o

e Workplace Orderliness

o Statistical Quality Control

e Measurement System Analysis 1. Analytics

e Design of Experiments 2. Data Management
e Set-up Time Reduction 3. App Development
e Waste Reduction LSS e Connegt} vity

e Mistake Proofing using 2 gifﬁ:lt:g;zion

e Value Stream Mapping Quality 7' Cloeiarsy

e Total Productive Maintenance 8: Leadership

e Just-in-Time 9 Culture

e Failure Mode and Effect Analysis 10.  Compliance

e Continual Improvement 11. Management System
e Analysis of Variance

e Parameter Design

e Tolerance Design

e Suggestion Scheme

e Project Management




Hierarchy of Critical Success Factors (CSF) for Lean Six Sigma (LSS) in Quality 4.0 3

Industry 4.0

This is another name of fourth industrial revolution or smart
manufacturing. It refers to use of Information and Com-
munication Technologies (ICT) for connecting machines,
process, and people for real-time information and related
analytics with minimum human involvement (Roche 2019).
The Industry 4.0 framework can be applied to any busi-
ness through its nine pillars which include IOT (internet
of things), Big-Data, Cloud Computing, Advanced Simu-
lation, Autonomous Systems, Universal Integration, AR
(Augmented Reality), Additive Manufacturing, and Cyber
Security (Burrell 2019). When used in a business they
accomplish goals of automation, efficiency, and performance
improvement.

Quality 4.0

Using pillars of Industry 4.0 to achieve the goal of quality
improvement is prime domain of Quality 4.0 (Jacob 2017).
Eleven dimensions of possible integration of quality man-
agement and information technologies of Industry 4.0 are
prescribed by Juran (2019) as shown in Fig. 1. When specifi-
cally used for Lean Six Sigma, these information technolo-
gies of Industry 4.0 make the entire implementation pro-
cess Simple, Speedy, and Smart (Park et al. 2020). Many
barriers for Lean Six Sigma implementation, e.g., improper
communication, inadequate data collection; highlighted by
Sindhwani et al. (2019) can be overcome using Quality 4.0
framework. However, it requires meticulous planning and
painstaking execution. Factors that play pivotal role in this
process, are identified by Yadav et al. (2021) as Critical
Success Factors (CSF) for LSS using Quality 4.0 frame-
work. Their hierarchy howbeit, is yet to be explored and is
attempted in this study.

Lean Six Sigma, Quality 4.0, and Competitive
Advantages

It is being argued that countries are no longer facing compe-
tition from each other’s labor rates, trade policies, or man-
power availability. The real competition is in adopting latest
technologies. In future, the export potential of a country, and
competitiveness of its industries will be largely dependent
on the extent to which they have implemented Industry 4.0/
Quality 4.0. Referring to the competition between two fast-
est growing economies of the world, India and China, Joshi
et al. (2020) argued that their future competition is not with
each other but with Industry 4.0. According to them, the
Adidas factory in US is planning to minimize outsourcing
by adopting Industry 4.0 to bring down their cost of produc-
tion several times. By automating extremely labor-oriented
industry—Garments and Textiles, with Sewbots (robots

designed for sewing operations), Adidas is aiming at per
t-shirt manufacturing cost of just 33 cents. No country can
beat this cost using manual labor. Other industries in devel-
oped countries are also using similar approach. Industry 4.0
will propel productivity, and Quality 4.0 will ensure the out-
put is meeting customer requirements. While technologies
of Industry 4.0 and Quality 4.0 are available to all countries
and all industries, the real differentiation in performance and
competitiveness will come from how well they are imple-
mented. Adoption of practices like Lean Six Sigma in Indus-
try 4.0/Quality 4.0 will create differentiation in performance,
and will be a key factor for improving competitiveness and
export orientation of a company, or even a country.

Another facet of Quality 4.0 is that the cost of technol-
ogy reduces with time; whereas, the cost of manual labor
increases with time. Therefore, to remain competitive and
in business, embracing Quality 4.0 is becoming inevita-
ble. This paradigm shift is not just affecting manufactur-
ing organizations, IT (information technology) and service
firms are also facing the heat of Quality 4.0. Manual jobs,
e.g., customer support, decision-making, training, etc., are
getting automated and driven by applications, software,
neural networks, Al (artificial intelligence), etc. Lee et al.
(2019) demonstrated application of Quality 4.0 in improving
competitiveness not only in manufacturing firms, but also
in the service firms such as Clova of South Korea. Erboz
(2020) established linkage between Industry 4.0 and R&D
(Research and Development) process of a firm, and showed
how it can improve competitiveness of firms in Turkey.

Yadav et al. (2020) established that ICT (information
and communication technologies) of Industry 4.0/Quality
4.0 and Lean Six Sigma not just influence quality related
aspects of an organization but significantly influence per-
formance of other functions also, e.g., purchase, produc-
tion, supply chain, human-resources, sales, etc. Business
process improvement is linked with firm level competitive-
ness, which further drives national level competitiveness
(Ambastha and Momaya 2004). Therefore, it is vital for
organizations to apply Lean Six Sigma in Quality 4.0 envi-
ronment and to understand its Critical Success Factors (CSF)
so that they can achieve improvement across all functions,
and remain competitive.

Critical Success Factors (CSF) for Lean Six Sigma
(LSS) Using Quality 4.0

CSF when LSS is implemented without Quality 4.0 are
identified in different studies. Belhadi et al. (2019) identi-
fied them for small and medium enterprises (SME). Sreed-
haran et al. (2018) established them for manufacturing and
service enterprises. Jha et al. (2019) established CSF for
LSS in Indian manufacturing companies. Sindhwani et al.
(2019) reported CSF when LSS is implemented with other
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strategies, e.g., Agile and Green. CSF for LSS use in a non-
specific business unit are also available (Laosirihongthong
et al. 2006; Sreedharan et al. 2018).

Yadav et al. (2021) established 18 critical success factors
for Lean Six Sigma under Quality 4.0 framework. Out of
these 7 factors were exclusively applicable for Quality 4.0
framework, and 11 factors were applicable without Quality
4.0, e.g., top management commitment, LSS training, etc.
Table 1 specifies these factors and their classification. Rel-
evance of these factors for LSS in Quality 4.0 environment
is provided in Annexure (Table A-1).

Research Gap and Value Addition

While hierarchy of CSF for LSS in different contexts is
available, it is not established for Quality 4.0 environment.
This study bridges the gap. ISM methodology is used for
this purpose and is supported with MICMAC analysis and
hierarchical clustering. Rationale and details of these meth-
odologies are provided in next section. Apart from bridging
the research gap, the study will also help organizations in
achieving business excellence in future. Quality 4.0 makes
organizations future ready, applying Lean Six Sigma in
Quality 4.0 makes them competitive, and applying it in a
methodical way with proper understanding of CSF and their
hierarchy will help them achieve business excellence.

Methodologies Used

In introduction section research works using ISM, AHP,
MICMAC, TOPSIS, and hierarchical clustering methodolo-
gies were highlighted. AHP and TOPSIS methods are par-
ticularly useful when different factors have unequal weight-
ages. In this study, all critical factors are being considered
without any relative weightage. The aim is to identify their
hierarchy and how they are related with each other. There-
fore, ISM, MICMAC, and Hierarchical clustering methods
are used in this study. TISM techniques are applied on ISM
model to bring clarity.

Interpretive Structure Modeling (ISM)

The ISM is an interactive and iterative process. It is consid-
ered interactive in the sense that opinion of experts is used
for relationship identification among pairs of factors. It is
iterative in the manner that the model is built in step-by-step
manner and level-portioning is done in multiple iterations.

Steps involved in ISM are well documented (Dwivedi
et al. 2017; Sushil 2017, 2018). These steps are described
in detail in Annexure (Table A-2).
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Total Interpretive Structural Modeling (TISM)

The cognitive aspects of any topic include 5 W and 1H (who,
why, when, what, where, and how) question. ISM covers
the ‘what’ and ‘how’ aspects of a topic but in TISM ‘why’
aspect gets added (Sushil 2017). While making hierarchi-
cal model using ISM, transitive links are dropped. How-
ever, in TISM specific transitive links that are helpful in
explaining relationship between factors are retained (Sushil
2017). TISM improves ISM by offering explanation of both
nodes and links. (Jena et al. 2017; Sushil 2018). Therefore,
in TISM for every significant transitive link, an explanatory
or interpretation statement is supplemented (Senthil and
Vinodh 2020).

TISM has been used in prior research to enhance ISM
models (Dubey et al. 2015; Jena et al. 2017; Manjunathesh-
wara and Vinodh 2018; Sandbhor and Botre 2014).

MICMAC (Cross Impact Matrix Multiplication Applied
to Classification)

MICMAC is a matrix-based factor classification method.
Using MICMAC analysis, factors considered in ISM model
can be placed in different quadrants according to the com-
bination of their driving power and dependence. Factors
belonging to low dependence and low driving power are
termed ‘autonomous’. Factors having high dependence but
low driving power are called ‘dependent’. Factors with low
dependence but high driving power are termed ‘drivers’. The
last category pertains to high dependence and high driving
power. These are termed ‘linkage’ factors (Chowdhury et al.
2020; Senthil and Vinodh 2020).

To prepare MICMAC graph, horizontal and vertical lines
are drawn at the middle value of number of factors. Inter-
action of these two lines create four quadrants which are
used to place autonomous, dependent, drivers, and linkage
factors in their respective quadrants. Autonomous factors
are unlinked or less linked with other factors and changes
in these factors do not influence other parts of the system.
Drivers and linkage factors have high driving power and
changes in them alters entire system dynamics. Therefore,
they demand utmost attention and careful analysis (Sandbhor
and Botre 2014; Sushil 2018).

Hierarchical Clustering

It is a method of grouping factors together or forming clus-
ters based on similarity of factors. The method is widely
used in data mining and statistical analysis (Ferreira and
Hitchcock 2009).

Normally two types of clustering are common, Agglom-
erative and Divisive. Agglomerative clustering is a bottom-
up approach whereas, Divisive clustering is a top-down



Hierarchy of Critical Success Factors (CSF) for Lean Six Sigma (LSS) in Quality 4.0

$9s11d10)u9 90TAISS pUB FULINIOBINURW I0Oq SULISAOD JUSWUOIIAUD OLIQUAT J0OJ PAYOIeasal a1om H ‘D 4 ‘q ‘D Sealoym ‘suny Jurimnjoej
-NUEBW 10J PIYOILISAI 21oM (J PUR ‘g Y SOPOD 20UISJRI AINJRIANT "2INEIANI] JBY) Ul S JO 2ouasald sajesipur uwnjod e ul X 101397 “(1707) ‘T8 12 Aepex :H {(8107) TezoSyey pue Iuessaypuez
:D H(8107) 'Te 12 UeIEYPI2IS o H(0T0T) 'T& 1 NOS H (6107) T8 10 [wemypurs :( :(9007) Te 12 SuopSuoyrirsor 3 H(610T) & 10 Byf g (6107) T8 19 IPRY[AG :V :S9POD) 9OUAIJY Mo,

A 0’y Anend boneorddy 10 arem)jog Surssaooid eie( Jo 9s()., 81
A 0t Liend AN[Iqe[TeAY BIR( 21RINDDY PuE A[DWIL],, L1
X A A A X JLI9UOD) pImn) juswaeuey oSuey)),, 91
. BIB(-$$2001J
A 0’y Anend U0 paseq $9ss2001d I1snlpy-oiny 03 Ayiqede) yim uvoneorddy/eremijos jo asn,, ST
X JLIBUAD) ..Se0mdRId SUI[[9A9T-UONONPOI] pue Suroue[eg-aurT Jo 3s(),, b1
A A A BISCLCI) 67691 ALVI/T006 OSI 32 98] waishg-juswaseuey-Kieng) 1oL, €l
X 0¥ LAiend WSS uonoIpald pue SIsA[euy-eie(y Jo asn,, al
A 0t Lnrend (Juonewony,, 11
A A A BISCLCI) Seakordwg-paIys,, 01
A JLISUAD) . SISA[eUY-BIB(] WOIJ UOIIOY-9ATIAII0)) PUR ‘SISSAI0IJ-01-3OBQPII,] JO WISIUBYIA],, 6
X 0¥ Aiend Juswageur A AI01USAU] pa[qeud-( LIy 10/put papo)-1eq., 8
X A A 0y Anrend WSS JAH JO 33(,, L
JLI3UAD) . SIIDS 1uswaSeue]y 109(014,, 9
A A A pacliely) .dn-198 KorreA-MmOT pue awn[oA-Y3STH,, S
X X A X X JLI9UAD) JuawraAjoAuf-sekordwy,, +
X A A X X X X A JLI9UD) ewSIg-X1§-ugaT-uo-gururely,, €
A A A A A A A JLIRURD LIN[Iqe[IeAy 20IM0say/spuny,, C
X A A X X A X X JLI9UD) Juounruuwo))-juswadeuey-dog,, 1
H D d q a 0) q v (o'} £vpenb
4S9P02 "JAr aIJeINIT  /O1RUST) odKy SO SST30 ASD 'ON 'S

(SST) rwSIS XIS UL 10} (JSD) $I010BJ SS90INS [BINLLD) | 3d|qel

pringer ©.%

Qs



N. Yadav et al.

approach. When the cluster formation begins with one factor
and other factors are added to it to move up, it is referred as
Agglomerative or bottom-up approach. On the other hand,
when all factors form one cluster and splitting is done as one
moves down in hierarchy, it is termed Divisive or top-down
approach (Uluskan 2019).

The arrangement of clusters is shown by a tree diagram
called Dendrogram. Proximity matrix provides measure of
closeness of each factor-pair in a cluster.

Model Building and Result

For identifying hierarchical relationships among the 18 CSF
given in Table 1, steps described in Annexure (Table A-2)
are used to build ISM model. A team of seven members
helped in identifying relationship decisions among these 18

CSF. Details of team members are presented in Table 2. The
pair-wise relationship among these 18 factors is shown in
Table 3 (Initial Reachability Matrix). This initial reachabil-
ity matrix is checked for transitivity, and all transitive rela-
tions are converted from O to 1 in Table 4 (Final reachability
matrix). The shaded cells of Table 4, except diagonal cells,
represent transitive relationships.

Level Partitioning

The final reachability matrix is used to identify reachability-
set (the set of factors which a factor drives) and antecedent-
set (the set of factors by which a factor is driven) of each
factor. Subsequently, their intersection-set is identified.
Those factors for which intersection-set and reachability-
set are identical, are partitioned. This implies that factors
partitioned at Level-1 are removed from the table for further

Table 2 Details of experts consulted to arrive at relationship decisions among 18 CSF for LSS in Quality 4.0

Experience Qualifications Current role

Type of organization

(years)

23 MBA, Six Sigma Master Black Belt ~ Principal Consultant Consultancy

30 Ph.D Professor Educational

20 Ph.D Professor Educational

21 MBA Owner, LSS Enterprise using Quality 4.0 Manufacturing Industry

25 Graduate Owner, LSS Enterprise without Quality 4.0 Manufacturing and After-Sales Service
40 Graduate, LSS Green Belt Manager, LSS Enterprise not using Quality 4.0 ~ Manufacturing Industry

22 Graduate Manager, IT Company IT (Information Technology) Firm
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iterations. The process is repeated in iterative manner until
all factors are partitioned. This process is shown in Annex-
ure (Table A-3 to Table A-9) in seven successive iterations.

Hierarchical Clustering

The hierarchical clustering of all 18 factors using agglom-
erative clustering, i.e., bottom-up approach, as described in
“Methodologies Used” section, is performed using SPSS
software. To measure proximity between factor pairs,
squared Euclidean distance is used in this software. The
average linking between groups or clusters is presented in
Annexure (Table A-10). Proximity Matrix of Factor Pairs
is presented in Annexure (Table A-11). Proximity matrix
provides measure of distance between pairing elements. The
lowest value pair is first merged in clustering because they
are most homogeneous. According to Pandove et al. (2019),
in agglomerative clustering the coefficients are calculated by
dividing the heterogeneity of a variable in a cluster it first
joins, by dividing it with heterogeneity of the final joining of
a cluster, averaged over all samples. Smaller values of coef-
ficients represent higher homogeneity of cluster elements.
Yim and Ramdeen (2015) clarified that increase in values
of coefficient suggests increase in heterogeneity of clusters
being clubbed.

Hierarchical Relationship Models

The ISM/TISM model formed using factor partitioning is
shown in Fig. 2. Links among factors at successive levels are

shown with solid lines whereas, the links among different
levels, and transitive links are shown with dotted lines as per
guidelines of TISM described in “Methodologies Used” sec-
tion. The MICMAC analysis, classifying these factors in dif-
ferent quadrants according to the combination of their driv-
ing power and dependence, is shown in Fig. 3. Dendrogram
produced by Hierarchical Clustering is presented in Fig. 4.
Critical Success Factors (CSF) from 1 to 18 are visible as
VARO0001 to VARO0018, respectively, in the dendrogram.

Discussion and Conclusion

The ISM model presented in Fig. 2 established hierarchy of
Critical Success Factors (CSF) for Lean Six Sigma (LSS)
implementation using technologies of Quality 4.0. The
model shows direct links among factors between successive
levels with firm lines and transitive links with dotted lines.

Three factors namely Top management commitment
(factor-1), Funds/Resource availability (factor-2), and
Training on LSS (factor-3); drive ERP use (factor-7) in the
organization as shown in Fig. 2. ERP use helps in connect-
ing all functions of the organization, and ensures process
monitoring and goal setting. ERP however, can function
effectively only when all inventory items are bar-coded or
made RFID enabled (factor-8) for proper accounting and
recording all input—output material transactions. Without
bar-coding or RFID tagging, these tasks become mammoth
activities. Therefore, ERP use lead to Bar Coding/RFID ena-
bled inventory system. Although ERP use, and Bar Coding/

Table 4 Final reachability csFl1[2]3]als5]e|7]8][9f10]mn]12[13]14[15]16]17]18]Drv.
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Fig.2 ISM (Interpretive Structural Modelling)/TISM (Total ISM) hierarchical model of CSF for LSS using Quality 4.0

RFID-tagging can provide information on product/process/  adjustments in processes. Therefore, ERP and Bar-coded/
system status, they cannot alter processes or systems. Qual- ~ RFID enabled system espouses use of software/applications
ity 4.0 framework uses IOT (internet of things) and Al (arti-  that leverage power of IOT/AI (factor-15) as depicted in ISM
ficial intelligence) powered devices and algorithms which ~ model.

can predict process performance to automatically trigger

@ Springer | @

o



Hierarchy of Critical Success Factors (CSF) for Lean Six Sigma (LSS) in Quality 4.0
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Fig.3 MICMAC (cross-impact matrix multiplication applied to classification) Analysis. 18 Critical Success Factors (CSF) for Lean Six Sigma
(LSS) in Quality 4.0 are shown in different quadrants of MICMAC according to the combination of their driving power and dependence value

Top management commitment (factor-1), Funds/Resource
availability (factor-2), and Training on LSS (factor-3) also
helps in inculcating Project management skills (factor-6) in
the organization, and use of Quality Management Systems
(QMS), e.g., ISO 9001/TATF 16949 etc., in the organization

(factor-13). These links are shown with dotted lines in ISM/
TISM model.

Quality management systems (factor-13) and project
management skills (factor-6) ensure that processes are
documented and standardized; roles and responsibilities are
clearly defined; and configuration management practices,
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Fig.4 Dendrogram of Critical Success Factors for Lean Six Sigma implementation using Quality 4.0

i.e., methods to maintain system integrity during changes,
are used. This brings Change management Culture (fac-
tor-16) in the organization and improves Employee Involve-
ment (factor-4). Additionally, to fully utilize capabilities of
IOT- and Al-enabled generic packages (factor-15), support
of specialized statistical packages/data processing software
(factor-18) is needed for LSS implementation. Therefore,
factor 6, 13, and 15 lead to factor-4, factor-16, and factor-18
as logically shown in ISM model.

Factor 4, 16, and 18 then drive three other factors. These
are factor-9 (Mechanism of feedback to processes and cor-
rective actions), factor-10 (skilled employees), and factor-12
(use of data analysis and prediction systems, i.e., predictive
and prescriptive analytics).

These three factors (9, 10, and 12) lead to two other quin-
tessential factors for success of any LSS drive. These are
Timely and accurate data availability (factor-17), and Use
of line balancing and production levelling practices (fac-
tor-14). These two factors bring organizations in Lean state,
i.e., single piece flow, synchronous layout, and data-driven
decisions.
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Another very important factor for LSS success in
Quality 4.0 is Automation (factor-11). It is classified as
an autonomous factor in MICMAC analysis, i.e., it is
neither driven by many factors nor it drives many fac-
tors. However, it directly helps in making LSS initiative
successful under Quality 4.0 framework. In Fig. 2 it is
shown at zenith of the ISM model and is driven by another
autonomous factor, factor-5 (High volume-low variety
setup). Typically, high volume-low variety setups are
used in either mass-scale production or process industries,
because they do not undergo frequent changes. Automat-
ing such systems is therefore both easy and logical. How-
ever, having this type of set-up is often not in the control
of management. It is rather a peculiar trait of business.
Therefore, this factor is neither driven by other factors
nor it drives many. The ISM model expresses this logic in
a lucid manner.

MICMAC analysis presented in Fig. 3 supports these
conclusions. Four quadrants of MICMAC have different
factors assigned to them according to their unique charac-
teristics. The bottom left quadrant of this figure represents
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autonomous variables which are factor-5, 6, 11, 13, 16 and
18. Six factors are in top left quadrant representing ‘drivers’
of the system. These factors have high driving power and
therefore, they affect other factors remarkably. Any changes
in these factors can potentially influence entire system.
These factors include factor number 1, 2, 3, 7, 8, and 15.

The top-right quadrant is linkage-factor quadrant but is
empty as no factor belongs to this category. Factors in this
quadrant although have high driving power, they also have
high dependence. Therefore, they are usually unstable. The
fact that no CSF in this study falls in this quadrant shows
robustness of the model because any alterations in any factor
will not bring instability to the model.

The bottom-right quadrant also has six factors and they
represent ‘dependent’ factors. These factors receive power
or thrust from ‘driving’ factors to contribute in the system.

Both MICMAC and ISM model thus explain the CSF
hierarchy with similar logic.

The dendrogram in Fig. 4 shows hierarchical association
of different factors. Factor 1 to 18 are shown as VAR0001
to VAROO18, respectively, in the dendrogram. Factor 1, 2
,3 which form base of ISM model are grouped together in
dendrogram also. The proximity matrix in Annexure (Table
A-11) also reveals low values, i.e., closeness among these
factors. Factor 4 and 16 are also placed close to each other in
both ISM model, and dendrogram. Same observation applies
to factor 6 and 13, 5 and 14, 9 and 12 also.

One contrasting but logical revelation between ISM and
clustering model is grouping of factors 7, 11, 15, 17, and
18. These six CSF belong to Quality 4.0 category of LSS in
Table 1. In the ISM model, these are placed at different lev-
els but in dendrogram they appear together. This is primarily
due to the requirement of similar inputs and efforts (infor-
mation-technology oriented thinking and packages). Their
presence in ISM model at different levels shows need of
effort required to align these with LSS theme. For instance,
factor 15 and 17 (both Quality 4.0 linked CSF for LSS) are
two levels apart in ISM model. If LSS implementation is not
the aim, it is very easy to ensure timely and accurate data
availability (factor-15) using IOT devices and Al powered
software (factor-17). However, when LSS is attempted, just
availability of these two factors in the system is not suf-
ficient, they have to be linked with other LSS success fac-
tors, e.g., skilled employees, employee involvement, change
management culture, etc.

The same rationale applies to other factors which are at
different levels in ISM but are placed closely in clustering.
Thus, these two models complement each other in explain-
ing hierarchy of CSF for LSS using Quality 4.0 technologies.

Comparison of Hierarchical Models with Prior
Studies

This study provides hierarchy of 18 Critical Success Fac-
tors (CSF) for Lean Six Sigma success using Quality 4.0
framework. Seven factors are related exclusively with infor-
mation technologies of Quality 4.0 whereas, eleven factors
are not exclusive for Quality 4.0 framework. Prior studies
had not considered Quality 4.0-related factors. Therefore,
comparison with earlier research works is focused on those
eleven factors which are applicable for LSS success without
Quality 4.0.

Belhadi et al. (2019) provided ranking of ten different
CSF using AHP. Top management commitment was high-
est rated factor; followed by requirement of funds, culture
and employee competence, performance measurement,
LSS learning, project management aspects, and employee
involvement. In this study also top management commit-
ment, and Lean Six Sigma training are two most influen-
tial drivers at level-1 in ISM model. These factors lead to
project management skills, which in turn leads to employee
involvement.

Laosirihongthong et al. (2006) also used AHP methodol-
ogy for model building and expressed following factors as
most prominent drivers: top management leadership, train-
ing and understanding of LSS, project management skills,
customer orientation.

Sreedharan et al. (2018) used TOPSIS approach to
describe Critical Failure Factors (opposite of success fac-
tors) and therefore their top contributors for failure of LSS
were lack of Leadership, Lack of IT (information technol-
ogy) support, lack of problem-solving culture, lack of focus
on human factors. These factors are in line with main drivers
of LSS identified in this study. Also, the lack of informa-
tion technology (IT) failure factor is addressed in this study
under Quality 4.0 framework. Zandhessami and Rahgozar
(2018) used Dematel method for identifying hierarchy of
critical factors. They also found top leadership, and com-
mitted workforce as main drivers of LSS.

In all these studies, although different techniques of hier-
archy classification were used; main drivers for LSS were
found similar to this study, i.e., top management commit-
ment, availability of funds, training on LSS, and project
management skills.

In ISM methodology-based research, Jha et al. (2019)
provided hierarchy of 11 CSF using 6 levels. They too found
top management involvement, and organizational infrastruc-
ture as main drivers; whereas project management, educa-
tion and training, process management, and human resource
management were other factors at higher levels.

Sindhwani et al. (2019) used both ISM and MICMAC
analysis from LSS barriers perspective. In their study also

@ Springer | X

o



12

N. Yadav et al.

no linkage factors were found in MICMAC. Three factors
were in autonomous quadrant including Lack of training on
LSS, Volatile demand, and Market competition. ‘Lack-of-
training-on-LSS’ barrier is exactly opposite of the success
factor—‘Training on LSS’ used in this study. ‘Volatile-
demand’ barrier corresponds to ‘high volume-low variety’
success factor of this study. In both cases, these factors were
in autonomous quadrant of MICMAC.

Soti et al. (2010) also used both ISM and MICMAC anal-
ysis to classify 11 factors in 7 levels of hierarchy. Similar
to this study, they too found top management commitment,
funds requirements, and LSS training as main drivers. How-
ever, in their study, no autonomous factors were reported
and five factors were found in Linkage-factor quadrant. In
this study, Linkage factor quadrant has no factor but five
autonomous factors are revealed. However, the dependent
factor quadrant resembles in both studies and includes fac-
tors such as timely and accurate data, and skilled man-power.

Apart from these similarities and contrasts, the inclusion
of Quality 4.0-related factors and their hierarchy establish-
ment remains novel feature of this study.

Implications, Limitations, and Direction
for Future Research

The research has multiple implications in both theory and
practice, as highlighted in following sections.

Implications for Theory of Lean Six Sigma

Through this research, the theory of Lean Six Sigma has
added a new dimension. How different success factors for
LSS in Quality 4.0 framework are connected with each other
was unknown earlier or had no conclusive evidences about
their linkages. The study has filled that void.

Implications for Practice of Lean Six Sigma

Organizations and LSS experts have just started dwelling
into Quality 4.0 framework. Clarity is still needed on how to
integrate important factors of both LSS and Quality 4.0. The
linkages revealed in this research among different CSF will
ensure that pitfalls of LSS implementation are avoided. LSS
activities can be prioritized according to the hierarchical
model. Factors which are grouped together in dendrogram
(Fig. 4) can be planned and used together with similar strate-
gies and resources to save time, energy, and cost.
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Implications for Information-Technology (I.T.)
Fraternity

IT (information technology) community can benefit from
this study in multiple ways. It can use Lean Six Sigma as a
new business domain. LSS is an already known and estab-
lished practice in business world. Its challenges are also
widely known. This study has established linkages between
LSS success and various IT products and solutions, e.g.,
ERP system (factor-7), bar-coding and RFID systems (fac-
tor-8), predictive and prescriptive analytics software (fac-
tor-12), IOT and Al-based solutions (factor-15), devices for
data capturing, transmission, and storage (factor-17), statisti-
cal analysis software (factor-18).

Various IT-enabled or IT-linked services, e.g., Cloud
Services, Networking Services, and related hardware (e.g.,
servers, routers, sensors), etc., can be propositioned for LSS
solutions. IT professionals can also venture into LSS consul-
tancy with this information.

Limitations and Directions for Future Research

Quality 4.0 concept is in a nascent stage of development.
A study by Yadav et al. (2021) is available on CSF for LSS
using Quality 4.0 framework. The CSF identified in this
study were based on responses from diversified industries.
When LSS is used in a specific business, CSF may be little
different. Similar studies can be attempted for such specific
business categories. As the Quality 4.0 concept evolves,
more factors may get revealed and can be used for further
modelling. When the Quality 4.0 technologies will mature,
relative importance of various CSF will also become availa-
ble, which can be used for TOPSIS and AHP analysis as dis-
cussed in “Methodologies Used” section. Findings of AHP
and TOPSIS methods can then be compared with ISM/TISM
model presented in this research. This study used agglomera-
tive clustering technique for establishing hierarchy of CSF
for LSS, however other techniques can also be explored, e.g.,
data of LSS organizations that successfully implemented
LSS using Quality 4.0 framework. Their success parameters
can be drilled down to different success factors using divi-
sive clustering. Hierarchy of CSF for LSS in Quality 4.0 can
also be explored when LSS is implemented in an integrated
manner with other improvement methodologies, e.g., TRIZ,
Agile, Green Manufacturing, ISO standards, etc.
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Key Questions Reflecting Applicability
in Real Life

Quality 4.0 and Industry 4.0, both are gaining traction in
business world. However, there are more questions than
answers around these topics. This research relates with some
key questions enumerated below:

1. How Industry 4.0, Quality 4.0, and Lean Six Sigma
influence one another?

2. What are the critical success factors for making Lean Six
Sigma deployment successful in Quality 4.0 environ-
ment? Are these factors different from non-Quality 4.0
environment?

3. What is the hierarchy of critical success factors when
Lean Six Sigma is implemented under Quality 4.0?7

4. In which order, information technology aspects and Lean
Six Sigma aspects shall be grouped to facilitate simulta-
neous implementation of Lean Six Sigma, and Quality
4.0?

5. How Industry 4.0/Quality 4.0 will influence competitive-
ness of developing countries or economies such as India,
China, and other BRICS nations? What role Lean Six
Sigma can play in improving competitiveness and its
components such as efficiency, cost reduction, process
improvement, etc.?
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