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ABSTRACT

The apparel supply chain represents one of the most complex and geographically spread-
out production networks, highly influenced and vulnerable to slightest disruptions arising
from environmental, social, political, or natural contingencies. The "new normal™ for
apparel supply chain management in the post-COVID era, necessitates the adoption and
integration of Industry 4.0 principles alongside commercial models that prioritize
sustainability with resilient capabilities. Technological innovations and advancements-
including Internet of Things (10T), RFID, cloud computing (CC), cyber-physical systems,
innovative manufacturing, sensors, and computer aided design (CAD) technology are
increasingly embedded within supply chain networks through unified communication
infrastructures, thereby reshaping operational paradigms in accordance with the fourth
industrial revolution. Consequently, apparel supply chains must undergo a substantive
transformation toward sustainability and resilience, aligning with global environmental

imperatives.

Post-COVID-19, apparel supply chains were profoundly disrupted due to the closure of
manufacturing units and retail outlets, challenges faced by the migrant workforce,
cancellation of contracts, closure of business, reduced manpower allocation, interruptions
in raw material supply - particularly from China- alongside mounting pressures related to
environmental protection, ethical sourcing, and sustainable practices. These disruptions
rendered traditional operations increasingly unsustainable. Consequently, the adoption of
digital technologies for operational resilience and sustainable supply chain management

became imperative.

The business entities were compelled to conceptualize strategies differently under the

"new normal” emphasizing sustainable business models and resilient capability through



Industry 4.0 technologies to enhance supply chain performance. Nevertheless, challenges
for adoption of digital technologies were encountered, including high investment cost,
lack of knowledge about the technologies, resistance for change and data privacy and
security concerns. It is therefore, essential to assess the current situation, requirements,
and barriers in implementing advanced technologies in the apparel supply chain (ASC) to
foster sustainable and resilient practices for sustaining global business during disruptive
situations like a pandemic. For developing countries, where structural constraints persist,
this necessitates a comprehensive understanding of the challenges and deterrents that
hinder the effective implementation of Industry 4.0, thereby ensuring the establishment of
a robust and sustainable apparel supply chain. India occupies an important position in the
global textiles & clothing exports, with apparel exports constituting a larger percentage
that supplies to the world's leading brands. India benefits from the advantage of
availability of resources for apparel production such as fibre, yarn, fabric, well-established
garment industry, and a skilled work force. Textiles and apparel account for
approximately 5% of India’s total export and capturing larger percentage will require fast
adoption of advance technology in the supply chain meeting global sustainable

compliances and resilient towards risks.

A critical review and analysis of prior research on apparel supply chains reveals that
sustainability and resilience have predominantly been examined as separate dimensions.
Existing literature tends to treat these constructs as distinct areas of inquiry, with limited
exploration of their integration within supply chain management (SCM). This gap
becomes particularly salient in the era of Industry 4.0 and the post-pandemic landscape,
where systemic vulnerabilities necessitate the simultaneous consideration of both
sustainability and resilience. Accordingly, the present study identifies the need to

investigate this intersection and formulates the following research objectives:



e Tocritically examine the extent to which sustainability and resilience have jointly
addressed in apparel supply chain research.

e To analyze the role of Industry 4.0 technologies in enabling sustainable and
resilient SC practices in the post-pandemic era.

e To identify the barriers and challenges that hinder the simultaneous adoption of
Industry 4.0 for sustainability and resilience in apparel supply chains

e To assess digital readiness, assess technology acceptability in Indian apparel SC

e To propose a conceptual framework that integrates sustainability and resilience

within Industry 4.0-driven SCM for the apparel sector

Against this backdrop, the present study contributes to the development of strategies
aimed at enhancing industry practices and strengthening supply chain performance
through the adoption of Industry 4.0 technologies. By addressing the dual imperatives of
sustainability and resilience, the research seeks to provide actionable insights that can
guide stakeholders in navigating post-pandemic challenges and advancing toward more

robust and future-ready supply chain systems.

The initial phase of the work identifies challenges and develops a framework for supply
chain sustainability and resilience in the post-COVID-19 context. The challenges
encountered include collaborative participation, rapid responsiveness, product
diversification, traceability, environmental, social, and governance (ESG) compliance,
regulatory oversights, technological infrastructure, and availability of skilled labor. The
study provides a conceptual model along with a final implementable model designed to
assist stakeholders- including apparel industry, government agencies, regulatory bodies
and policy-makers — in attaining a comprehensive understanding of the issues and

challenges faced across different levels of the apparel supply chain in adapting Industry
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4.0. Furthermore, the study seeks to identify the Industry 4.0-related issues that influence

the sustainable & resilient performance of an Indian apparel industry post pandemic.

The second phase of the study focuses on emerging economies, with particular emphasis
on identifying key barriers to Industry 4.0 adoption in apparel supply chains during the
post-pandemic period. Subsequently, exploratory factor analysis (EFA) is utilized to
cluster items, and identified barriers are examined in detail. The analysis is conducted
using 16 items to construct a reliable scale. Total Interpretive Structural Modelling
(TISM) is then applied to capture stakeholder relevance and to model the relationships
between barrier drivers and dependent variables, thereby developing a hierarchical
framework. The challenges are organized into a seven-level hierarchy, and MICMAC
analysis is employed to classify them into four categories. By identifying transitive and
essential relationships, the study enables stakeholders to pinpoint critical areas requiring
greater attention, thereby facilitating the reduction of barriers and advancing the adoption

of Industry 4.0.

The third phase of the research examines the digital readiness assessment for Industry 4.0
with focus on sustainability and resilient capabilities, within the Indian apparel supply
chain, with particular emphasis on export-oriented manufacturers that play a pivotal role
in global apparel exports. The findings indicate that, apart from large-scale apparel
enterprises, the adoption of Industry 4.0 processes remains limited as most firms are still
at the early “achieving” stage (Level 3). This readiness level is particularly low among
small apparel manufacturers. The subsequent phase employs Data Envelopment Analysis
(DEA) to evaluate the state-wise performance of the Indian apparel industry, focusing on
the input—output mix to determine technical efficiency. The analysis encompasses Overall

Technical Efficiency (OTE), Pure Technical Efficiency (PTE), and Scale Efficiency (SE)

Vii



across a five-year period (2018-19 to 2022-23). The results reveal that states such as West
Bengal, Delhi, Haryana, and Gujarat exhibit the highest efficiency levels and demonstrate
notable progress in adopting Industry 4.0 technologies within their operational domains.
However, the study also highlights a significant decline in OTE, PTE, and SE during the
2020-21 periods, attributable to the disruptions caused by the COVID-19 pandemic.
Further, low average results of IRS & DRS provide insight that the input efficiency

requires attention for achieving better performance.

The final phase of the research involves a case study conducted at the factory level,
applying the Situation-Actor-Process with Learning-Actions- Performance (SAP-LAP)
framework to facilitate the adoption of Industry 4.0 technologies. These include adopting
technology like cloud-based audit platforms, sensors, RFID, CAD and cyber-physical
systems (CPS), all of which support sustainable practices and ESG implementation. The
SAP-LAP model provides benchmarking insights for apparel manufacturers, managers,
government policy-makers, suppliers, and industry associations, enabling building

organizational capacities with Industry 4.0.

This study concludes by deriving leanings from different phases and synthesis of findings,
highlighting major contributions and significant insights made through this research. It
discusses the implications for the Indian apparel Industry and provides guidance for
policy-makers, regulatory authorities and decision-makers. Finally, the limitations of the

research are acknowledged, and the directions of future research are outlined.

Keywords: Apparel, Supply Chain, Industry 4.0, Sustainability, Resilience, SSM, EFA,

TISM, Digital Readiness Assessment, Data Envelopment Analysis (DEA), SAP-LAP
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AR
I 3MTYfel RIT (Apparel Supply Chain) TaY Sifed SR ifers &0 & e gaf
Ay Aeadh §, I yafarufi, arifers, Ieifde SR a1 Urdfads smugrsh SRt
A Teatedl 9 off Srfiie THIfad BiaT 81 COVID-19 HETART & dTe, a%d 3MTyfed
@dl yeee (SCM) H T a1 A" (New Normal) I ST g, Fored $8%T 4.0
(Industry 4.0) Rridl &I FRRAT-3MeTRd e Hisdl & Wy Ui d ol T g |
af e wifd & siarfd gexae 3w T (10T), TS FHET (CC), ATZR-
o e e (CPs), ¥E AghaaiRTT, IR 3R slca oIt deb-ii! Bl SMyfe
SR H TR b 7T B, R Tl d YR Aead fashRid g3 2 | 98 TaRR o
3Mgfd ede &I FRRAT 3R AT UM &1 fe=n & Ue 981 9gard - & forg
URd T g dlfcs ST &1 idatiore wfaeaufaemdr siR fRswrsu g gt a |

YR af¥e a%d U Uy fafd § 1 Agayul WM 3@ §, 58l BieeR, g, hisw,
TR T I 3R HIA YA SR SaTH T ! § I § | 9 3R

RYTT &5 YRA & $d (Hafd BT TTHT 5% TNTGH odl §| Afdd COVID-19 & d1g,

2 & P g U BT ITHAT BT TS o fob ST ST 3R Wl g1
®1 dg BT, YAl 4D ! Bt ST, Hed T DI 3Mgfd | aret (iRives 9 ),
3R ARG Pl R Afdd 3R fedbrs, Ided &t A & gfg| 39 gl &

IJdd URURP AT SN ITAT HidH gl 1T 3R fefed do-iidh! &1 gaMT

JATIYI D Bl 1| BTdifh, 3= fA< AN, db-ib! BRI &t BHI, deard &b Ufd

oy 3R a1 Mu-iadt SRt fiareit 3 fefSecioror & Srar STeft|



2 3T BT I£3T daH URET BT i BT, AT Bl Ugar Hm 3R
U fChIe; Ud aiicl avd STYfe] SR & fore Iod doh-ieh| Bl AN R i FHTGTS
DI WIS ] | ST & - 3= & COVID-19 & YHTG & [IRAT0T 1, S8
4.0 DI U & T U afyd e [awRid &1, FHIaal &1 S0l B,

R IR 3mgfd saa § fSfored darar &1 Hedic- BT 3R Farad T1aff &
SIS BT LB TN A & U Gral Ydd Rl &, orad SHads, aid
gfaferan, ESG, Fame® FHIfAal 3R doh-Id! SaRaH oY BRG] & UgdH &l Ta |
$UP 1G Hied JHte 3R fIRwsil &1 uffohar & SR R 16 SIS HI @iell T,
5% EFA & Wy ¥ 99fed foedm T TISM 3R MICMAC fa<aisur gRT T 9rd-
R AT IS H qaR foar |

fefoTed daRdT faRay T § udt = o s Fafde Se S8 4.0 i ol I U138
g, Jafe sie fAatar andt +ff uRfYe avur & 1 DEA d&-id &1 IUTNT 6 2018-
2023 % SRM ISUAR &fdl BT Jedidh o war, foraw ufgm swra, e, giamn

3R ORI I G&fdT aTdl T UTY T | SAP-LAP HISH TR S1eTRd &9 Tal 3 ESG
6T} & T Industry 4.0 d-iih! (S8 RFID, RITSS 3Hifge RIeH, CPS) & ARG
UGN Y SRT| Tg 3femg T s, fifa-fmfareit sik 3= fRqure! & g
e RIeR= 3R Hiasy & 2Ny BT Gurarsft & Ty JH Bidl & |
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