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ABSTRACT
ANTIMICROBIAL FABRICS IN INFECTION CONTROL: EVIDENCE AND

IMPLEMENTATION IN INDIA’S HEALTHCARE SYSTEM

Chaitanya Nimkar

2026 February

Healthcare-associated infections (HAIs) remain a major public health challenge in India,
contributing to increased patient morbidity, extended hospital stays, higher antimicrobial
use, and the escalation of antimicrobial resistance. While national infection-prevention
programmes have strengthened hand hygiene, sterilization, and environmental sanitation,
hospital textiles—such as bed linens, patient gowns, staff uniforms, and privacy curtains—
have received comparatively limited attention. These textiles are high-contact surfaces
capable of accumulating and transmitting pathogenic microorganisms, particularly in
crowded and resource-constrained public hospitals where laundering and disinfection
practices are often inconsistent. Such conditions underscore the need for supplementary
interventions that provide continuous and passive antimicrobial protection. Antimicrobial
textiles, especially those incorporating zinc-based technologies, have emerged as a
promising adjunct to conventional infection-control measures. Zinc ions and zinc oxide
demonstrate broad-spectrum antimicrobial activity while offering durability,
biocompatibility, wash resistance, and alignment with India’s established textile

manufacturing capacity. Despite robust laboratory and experimental evidence indicating

Vi



reductions in microbial bioburden, adoption within Indian healthcare facilities remains
limited. Key barriers include cost concerns, limited institutional awareness, fragmented
supply chains, uncertainty regarding long-term performance under routine hospital
conditions, and the absence of clear regulatory and procurement frameworks. To address
these evidence and implementation gaps, this study adopts a multidimensional research
approach combining a systematic literature review with qualitative inquiry. The literature
review synthesizes scientific, clinical, and materials-science evidence related to the
efficacy, durability, and safety of antimicrobial textiles. Complementing this, semi-
structured interviews with clinicians, infection-control practitioners, hospital
administrators, procurement officials, policymakers, and textile industry representatives
provide context-specific insights into operational challenges, economic considerations,
behavioural perceptions, and institutional readiness. Thematic analysis identifies critical
barriers, enabling conditions, and systemic factors shaping adoption decisions. Drawing on
these findings, the study develops two conceptual frameworks: one explaining the
functional mechanisms through which antimicrobial textiles contribute to infection control,
and another mapping the multilevel determinants influencing implementation feasibility.
These contributions aim to support evidence-based decision-making, inform policy and
regulatory development, and position antimicrobial textiles as a viable yet underutilized

component of infection-prevention strategies within India’s healthcare system.
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CHAPTER I
INTRODUCTION

1.1 Background of the Study

Healthcare-associated infections (HAIs) remain a persistent global health challenge despite
continuous improvements in infection prevention and control (IPC) practices. According
to the World Health Organization (2022), between 7% and 15% of hospitalized patients
worldwide acquire at least one HAI, resulting in increased morbidity, mortality, prolonged
hospital stays, and substantial economic burden. These infections arise from complex
interactions among microbial agents, host vulnerability, environmental contamination, and
institutional practices. Among these determinants, the role of healthcare textiles has gained
increasing attention in recent years.

Hospital textiles—including bed linens, privacy curtains, staff uniforms, drapes, and
upholstery—are frequently exposed to pathogens through direct contact with patients,
airborne droplets, and contamination by healthcare workers. These soft surfaces can act as
microbial reservoirs, retaining viable pathogens for extended periods and facilitating
transmission within clinical settings. Studies have demonstrated that textile surfaces may
accumulate a significant microbial load even within a single work shift, posing a risk not
fully mitigated by routine laundering. Constraints such as infrequent washing cycles,
durability limitations, and logistical challenges further exacerbate this risk.

In response, antimicrobial textiles have emerged as an innovative solution to reduce
bioburden on soft surfaces. Fabrics treated with antimicrobial agents—including silver,

copper, titanium, quaternary ammonium compounds, and zinc—have shown considerable



efficacy in reducing microbial contamination. Zinc-based antimicrobial technologies, in
particular, offer broad-spectrum antimicrobial activity, durability across multiple washes,
cost-effectiveness, and environmental safety. Global advancements and Indian
innovations, such as those developed by Fabiosys Innovations (IIT Delhi), highlight the
potential of integrating antimicrobial textiles into healthcare IPC strategies.

Nevertheless, the adoption of antimicrobial fabrics in healthcare environments remains
limited due to economic constraints, operational challenges, lack of awareness, and
insufficient policy support. Understanding these technological benefits, adoption barriers,
and systemic enablers is essential for improving IPC measures and reducing HAISs,

especially in resource-constrained settings such as India.

1.2 Problem Statement

The integration of antimicrobial textile technologies into modern healthcare environments
has been widely recognized as a promising avenue for reducing microbial contamination
on frequently touched surfaces, yet their actual deployment within healthcare facilities—
particularly in low- and middle-income countries—remains uneven and limited. Although
conventional laundering, thermal disinfection, and chemical sterilization processes
constitute the primary strategies for maintaining textile hygiene, these approaches often
fall short in addressing the persistent and resilient microbial load that survives on hospital
linens, staff uniforms, patient gowns, privacy curtains, and other textile interfaces.
Numerous studies have demonstrated that such textiles can act as fomites, enabling the
survival and transfer of pathogens for extended periods and thereby contributing to

sustained cycles of healthcare-associated infection (HAI) transmission. In this context,



antimicrobial fabrics—especially zinc-embedded or zinc-oxide—treated variants—have
emerged as a highly promising alternative due to their broad-spectrum antimicrobial
activity, durability across wash cycles, non-toxicity, and favourable cost—benefit profile
over the long term.

Despite these advantages and growing empirical support for zinc-based antimicrobial
textiles, their adoption within Indian hospitals remains limited. Several systemic and
operational barriers impede implementation. Cost concerns remain a primary challenge;
although antimicrobial fabrics may offer long-term savings through reduced infection rates
and decreased laundering intensity, the initial procurement costs are often perceived as
prohibitive, particularly within resource-constrained public sector facilities. Supply chain
fragmentation further complicates the landscape, as reliable access to certified
antimicrobial textile manufacturers, standardized product specifications, and large-scale
procurement channels is still developing. Institutional awareness is also insufficient:
decision-makers, hospital administrators, and infection control committees often lack
comprehensive information about the clinical effectiveness, economic benefits, and safety
profile of antimicrobial fabrics. This knowledge gap contributes to cautious or delayed
adoption.

Compounding these issues is the absence of clear national or institutional guidelines
outlining the evaluation, certification, procurement, and operational integration of
antimicrobial textiles in healthcare settings. Without standardized protocols defining
thresholds for antimicrobial efficacy, durability testing, compliance monitoring, and cost—

effectiveness assessment, hospitals face uncertainty in selecting appropriate materials and



justifying their use within existing infection prevention and control (IPC) frameworks. The
lack of structured policy support and evidence-informed implementation strategies thus
hinders widespread integration.

Given these constraints, there is a pressing need for a systematic and contextually grounded
understanding of the effectiveness, feasibility, challenges, and enabling conditions
associated with antimicrobial textile adoption. Such an inquiry would generate evidence
capable of informing policy design, guiding procurement decisions, strengthening
institutional uptake, and ultimately enhancing the microbial safety of healthcare
environments. Only through a comprehensive and structured analysis can Indian healthcare
systems leverage the full potential of antimicrobial textile technologies to reduce HAIs and

improve patient outcomes.

1.3 Research Objectives

The overarching aim of this study is to generate a comprehensive, evidence-based
understanding of antimicrobial textile technologies—particularly zinc-based variants—and
their potential role in reducing microbial contamination and healthcare-associated
infections (HAIs) within Indian hospital settings. To achieve this aim, the study is guided
by the following detailed research objectives.

The first object is to examine existing scientific evidence on the antimicrobial efficacy of
zinc-based and other antimicrobial fabrics in reducing microbial contamination and HAIs.
This objective seeks to synthesize the global body of scientific literature, laboratory

evaluations, clinical trials, and field-based assessments pertaining to antimicrobial fabrics.



It encompasses a critical analysis of the mechanisms through which metals such as zinc,
copper, and silver inhibit microbial growth; the durability of their antimicrobial activity
across repeated use and laundering; and comparative performance across different textile
types. By doing so, the study aims to establish a consolidated scientific foundation that
clarifies the extent to which antimicrobial fabrics can realistically mitigate pathogen
persistence and transmission in healthcare environments.

Secondly, the identification of operational, economic, behavioral, and institutional barriers
to the adoption of antimicrobial fabrics in Indian healthcare settings should be observed.
Adoption of innovative infection-control technologies is often complicated by a range of
systemic constraints. This objective investigates the multidimensional barriers—including
cost perceptions, procurement challenges, supply chain gaps, limited market availability,
lack of awareness among clinical and administrative stakeholders, and organizational
hesitancy toward new materials. It also explores behavioral factors such as staff acceptance,
user perceptions, and compliance patterns, in addition to institutional issues like policy
gaps, fragmented guidelines, and insufficient evaluation mechanisms. Understanding these
obstacles is critical for designing feasible and context-specific implementation strategies.
Thirdly, the key enablers that support successful implementation of antimicrobial textile
solutions should be determined. This objective seeks to identify the conditions, resources,
and institutional mechanisms that facilitate adoption and integration of antimicrobial
textiles. These enablers may include regulatory guidance, standardized certification
systems, cost-effectiveness evidence, procurement models, supportive leadership,

infection-control committee engagement, staff training, and integration into existing



infection prevention and control (IPC) frameworks. By systematically examining positive
drivers of uptake, the study aims to build a practical roadmap for scaling antimicrobial
textile use across healthcare facilities.

Finally, conceptual frameworks explaining both the functional impact of antimicrobial
textiles and the systemic determinants influencing their adoption need to be developed. The
final objective involves constructing analytical and conceptual models that clarify (a) how
antimicrobial textiles function to reduce microbial loads and interrupt infection pathways,
and (b) how broader organizational, policy, economic, and behavioral factors influence
their adoption within healthcare systems. These frameworks will serve as intellectual tools
that unify the study’s findings, guide interpretation, and offer transferable insights for
policymakers, hospital administrators, public health experts, and technology developers.
The frameworks will also lay the foundation for future research and potential policy

formulation.

1.4 Research Questions (RQs) and Hypothesis
RQ1: What is the impact of zinc-based antimicrobial fabrics on reducing hospital-
acquired infections (HAIs) in Indian healthcare facilities?
Hy: There is no significant difference in the mean reduction of HAIs using
antimicrobial fabrics between rural and urban hospital settings.
H;: There is a significant difference in the mean reduction of HAIs using

antimicrobial fabrics between rural and urban hospital settings.



RQ2: What are the key barriers and enablers for implementing antimicrobial fabric
products in hospitals, and how can adoption be improved at scale in the Indian public

health system?

1.5 Proposed Conceptual Frameworks

The proposed conceptual frameworks guiding this study constitute an integrated theoretical
foundation for understanding both the functional impact of antimicrobial textiles within
healthcare environments and the systemic factors that influence their adoption in practice.
Together, these frameworks offer a comprehensive, multi-level perspective that links the
biological efficacy of zinc-based and other antimicrobial fabrics with the organizational,
economic, and policy structures that shape their uptake in Indian hospitals.

At the core of the first framework is the recognition that antimicrobial textiles must be
understood not merely as technological artefacts with inherent microbicidal properties but
as interventions operating within complex, dynamic healthcare ecosystems. The functional
impact of these textiles arises from a set of interrelated mechanisms, beginning with their
scientifically established antimicrobial actions. Zinc-embedded fabrics, for example,
disrupt microbial integrity by damaging cell walls, interfering with enzymatic activity,
inducing oxidative stress, and preventing DNA replication. These mechanisms reduce
microbial viability and thereby diminish the capacity of pathogens to persist on textile
surfaces. However, antimicrobial activity alone does not fully explain the real-world

impact of these textiles. Their effectiveness is mediated by the nature of textile—pathogen



interactions, which are shaped by fiber structure, surface energy, porosity, absorbency, and
material composition.

Different textiles provide different degrees of microbial adherence, survival, and transfer
potential, and antimicrobial treatments modify these interactions in contextually significant
ways. The actual contribution of antimicrobial textiles to infection control also depends on
how textiles are used within healthcare facilities and the extent to which they are exposed
to contamination. Bed linens, privacy curtains, staff uniforms, theatre drapes, and patient
garments each undergo distinct patterns of handling, contact, and environmental exposure.
These patterns determine the volume and frequency of microbial deposition and thus
influence the magnitude of risk reduction achievable through antimicrobial interventions.
Moreover, antimicrobial textiles function as part of a broader infection prevention and
control (IPC) system. Their performance is interdependent with the quality of laundering
processes, the consistency of cleaning protocols, staff adherence to hygiene standards, and
the adequacy of linen-handling procedures. In this sense, antimicrobial textiles serve not
as replacements for IPC measures but as complementary interventions that strengthen
microbial control by adding an additional layer of passive protection. These mechanisms
collectively form a chain of influence through which antimicrobial fabrics reduce microbial
loads, interrupt transmission pathways, and enhance the overall effectiveness of existing
IPC strategies.

The second conceptual framework concerns the systemic determinants of antimicrobial
textile adoption within healthcare institutions. Technological innovations in healthcare

rarely diffuse based only on their scientific merit. Instead, adoption is shaped by a



combination of economic feasibility, institutional awareness, policy environments, supply
chain dynamics, and organizational cultures. In the case of Indian hospitals, economic
considerations often constitute the most immediate barrier. Even though antimicrobial
textiles may offer long-term savings by preventing infections and reducing laundering
intensity, the perception of high upfront procurement costs frequently discourages
investment. Budgetary constraints in public hospitals, rigid procurement cycles, and
limited evidence of cost-effectiveness further compound these challenges.

Institutional awareness also plays a critical role. Hospital administrators, procurement
officers, infection control committees, and frontline staff often have limited familiarity
with antimicrobial textile technologies, their scientific rationale, and their potential
benefits. This lack of knowledge fosters uncertainty and contributes to decision-making
inertia. At the policy level, the absence of national or institutional guidelines that define
antimicrobial efficacy thresholds, safety standards, durability requirements, or
procurement recommendations creates ambiguity around product selection and validation.
Hospitals may be reluctant to adopt new materials in the absence of official standards or
regulatory endorsement.

Supply chain structure further shapes adoption. Reliable access to certified antimicrobial
textile manufacturers, the availability of standardized products, the consistency of quality
assurance processes, and the stability of distribution networks are all necessary for
sustained implementation. Fragmented supply chains and variable product quality create
hesitancy among institutional buyers. Organizational culture and implementation capacity

also strongly influence adoption outcomes. Even when antimicrobial textiles are procured,



their effective integration requires supportive leadership, well-established IPC governance
structures, adequate staff training, and systems for monitoring and evaluation. Resistance
to change, lack of orientation, and inconsistent compliance can diminish the intended
benefits of such interventions.

The two conceptual frameworks are designed to operate in synergy. While the functional
impact framework demonstrates how antimicrobial textiles can materially reduce microbial
burden and help interrupt infection transmission, the systemic adoption framework
illustrates why these benefits are not automatically realized in practice. Understanding
antimicrobial textiles requires attention to both what the technology is capable of achieving
under optimal conditions and how healthcare systems either enable or constrain those
possibilities. Integrating the two frameworks provides a holistic conceptual lens that
captures the interdependence between technological efficacy and institutional readiness.
This combined perspective guides the study’s methodological choices, supports the
analytical interpretation of findings, and lays the theoretical groundwork for
recommendations aimed at strengthening the adoption and effective use of antimicrobial

textiles in Indian healthcare environments.

1.6 Executive Summary of the Methodology
The methodological approach of this research is designed to examine zinc-based
antimicrobial fabrics from two complementary perspectives that align with the study’s

research questions: (a) their potential effectiveness in reducing healthcare-associated
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infections (HAIs), and (b) institutional and system-level determinants of their adoption
within the Indian public healthcare system.

For Research Question 1 (RQ1), the study employs a quantitative approach using structured
survey data to identify patterns in awareness, reported usage, perceived effectiveness, and
adoption readiness among diverse healthcare stakeholders. Quantitative data derived from
Likert-scale items, categorical responses, and frequency-based variables will be analyzed
using descriptive statistics, cross-tabulation, and simple inferential methods where
applicable. This allows the study to measure trends across roles, hospital types, and regions,
providing empirical insights into current perceptions and usage conditions.

For Research Question 2 (RQ2), the study adopts a qualitative thematic analysis approach
to explore barriers and enablers influencing antimicrobial textile adoption at institutional
and system levels. Open-ended questions, follow-up discussions, and field insights are
examined using iterative coding and theme development techniques. This enables the study
to capture contextual, behavioral, economic, operational, and policy-related factors that
cannot be adequately represented through quantitative metrics alone.

The methodological structure intentionally separates the quantitative and qualitative
strands, ensuring that each research question is addressed through the most appropriate
analytical lens rather than forcing methodological integration. While the two strands do not
merge into a convergent mixed-method design, findings are interpreted comparatively in
the final discussion chapter to develop a holistic understanding of both functional

effectiveness and real-world feasibility.
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The overall methodological strategy adheres to principles of rigor, transparency, and
contextual relevance. Sampling procedures ensure representation across healthcare facility
levels, hospital ownership types, and Indian regions. Ethical considerations, including
informed participation, confidentiality, and responsible handling of professional
viewpoints, are strictly observed. Through this structured dual-method approach, the
research generates evidence-based insights that are directly relevant to clinical practice,

institutional decision-making, and national-level implementation planning.

1.7 Key Definitions
This section provides standardized definitions for the clinical, logistical, and analytical
terms used throughout this study on the adoption of zinc-based antimicrobial textiles in

the Indian healthcare system.

Antimicrobial Resistance (AMR): The phenomenon where microorganisms evolve to
survive exposure to antimicrobial drugs, creating a global health crisis that necessitates
alternative prevention technologies like biocidal textiles (World Health Organization

[WHO], 2021).

Antimicrobial Textiles: Specialized fabrics treated with active agents—specifically
Zinc—designed to inhibit microbial growth and reduce the risk of cross-contamination in

clinical settings (Morais et al., 2016).
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Budgetary Inelasticity: A systemic economic barrier where rigid, fixed procurement
budgets in hospitals prevent the adoption of technologies with high upfront costs,

regardless of their long-term value (Appleby et al., 2014).

Cognitive-Clinical Nexus: A theoretical framework demonstrating that a clinician’s
awareness and knowledge of a technology are primary predictors of its perceived clinical

efficacy ((Davis, 1989).

Distribution Fragility: A logistical vulnerability characterized by inconsistent supply
chains, frequent stock-outs, and a lack of specialized vendors, particularly prevalent in

rural healthcare settings (Yadav, 2015)

Hospital-Acquired Infections (HAIs): Nosocomial infections contracted by patients
during their stay in a healthcare facility that were not present or incubating at the time of

admission (Centre for Disease Control and Prevention [CDC], 2020).

Laundry Infrastructure: The institutional systems and protocols (thermal and chemical)
used for cleaning linens; compatibility with this infrastructure is critical for the durability

of antimicrobial coatings (Sehulster & Chinn, 2003).

Medical-Grade Standardization: The required establishment of government-backed
regulatory benchmarks and certification protocols to validate the safety and biocidal
persistence of textiles in medical use (International Organization for Standardization

[1SO], 2021).

13



National Action Plan on AMR (NAP-AMR): The strategic policy framework of the
Indian government designed to mitigate the threat of antimicrobial resistance through
coordinated institutional efforts (Ministry of Health and Family Welfare [MoHFW] India,

2017).

Patient Safety: The core thematic enabler identified in this study (27% of responses) as
the primary driver for institutional and public support for new medical technologies

(Vincent, 2011).

Stakeholders: The diverse groups involved in or affected by the technology, including
Frontline Clinicians (end-users), Hospital Administrators (purchasers), Manufacturers

(suppliers), and Policy Makers (regulators) (Freeman, 2010).

Urban-Rural Divide: The socio-economic and logistical disparity between metropolitan
healthcare facilities and remote clinics, influencing the equitable distribution of advanced

medical materials (Kumar et al., 2020).

User Experience (UX): The subjective physical response of healthcare workers to the

textiles, primarily focused on Breathability, Comfort, and Weight (Hassenzahl, 2003).

Value-Based Procurement: A proposed strategic shift in purchasing where decisions are
based on the total life-cycle cost and clinical outcomes rather than just the lowest initial

price point (Porter & Lee, 2013).
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Zinc-Based Biocidal Coating: A persistent self-disinfecting finish that uses ZnO
nanoparticles to disrupt microbial cell membranes through oxidative stress and ion

release (Sirelkhatim et al., 2015).

1.8 Nature of Study

The nature of this study is best described as a multi-method design with complementary
strands, where quantitative and qualitative strands are conducted independently to address
distinct research questions, and are later interpreted in relation to one another in the
discussion phase. This approach is rooted in the philosophy of Pragmatism, which
prioritizes the integration of diverse data streams to provide a holistic solution to the
"Logistical-Economic Paradox" inherent in the public healthcare sector. By adopting this
convergent lens, the research moves beyond the traditional limitations of single-method
inquiry, allowing for a 360-degree evaluation of both the systemic infrastructure and the
human factors that influence technological diffusion.

The quantitative strand of this design is deductive in nature, utilizing structured survey
instruments to establish statistical significance across key variables. This analytical rigor
is essential for quantifying systemic vulnerabilities, such as the geographic disparity in
supply chain resilience—termed Distribution Fragility—and the predictive strength of the
Cognitive-Clinical Nexus. These metrics provide a high-level diagnostic of the healthcare
system’s current capacity to absorb zinc-based biocidal technologies, offering an objective

baseline that facilitates comparisons between urban, rural, and primary care settings.
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Parallel to this, the qualitative strand employs an interpretive thematic inquiry to decode
the subjective experiences of frontline clinicians and administrators. This component is
vital for exploring the "why" behind the statistical results, particularly in identifying the
"Nursing Gap"—the friction between high clinical trust in biocidal efficacy and low
ergonomic compliance due to fabric weight and breathability. By merging these qualitative
insights with the quantitative data, the study identifies that user experience (UX) is as
significant a barrier to adoption as budgetary inelasticity, revealing that clinical efficacy
alone is insufficient for successful implementation if the ergonomic requirements of the
end-user are not met.

Furthermore, the nature of this study is evaluative and diagnostic, as it treats the adoption
of zinc-based textiles not merely as a product procurement issue, but as a complex socio-
technical transition. It acknowledges that the success of the technology is dependent upon
the alignment of institutional systems, such as thermal and chemical laundry protocols,
with the physical persistence of the biocidal coating. By evaluating these technical
requirements alongside social barriers like clinician trust and procurement rigidity, the
study provides a comprehensive assessment of the "readiness" of the Indian public health
infrastructure.

Ultimately, the analytical strategy of this study relies on the convergence of these two
strands during the interpretation phase. The integration of the Universal Cost Plateau with
thematic feedback on Value-Based Procurement creates a comprehensive evidence base
for policy intervention. This integrated nature ensures that the final recommendations are

both statistically validated and contextually grounded, providing a robust roadmap for the
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National Action Plan on AMR (NAP-AMR) to implement self-disinfecting textiles across
diverse clinical settings. By bridging the gap between empirical data and practitioner
experience, the study fulfills its purpose as a piece of implementation science designed to

move innovation from the laboratory to the clinical floor.

1.9 Scope and Delimitations

1.9.1 Scope of the Study

The scope of this study is intentionally structured to provide a comprehensive, multi-
dimensional understanding of antimicrobial textile technologies—particularly zinc-based
antimicrobial fabrics—and their potential role in reducing microbial contamination and
healthcare-associated infections (HAIs) within the Indian healthcare context. The study
focuses on three major domains: the scientific evidence base supporting the antimicrobial
efficacy of these textiles, the patterns and mechanisms of microbial contamination on
hospital textiles, and the systemic determinants influencing their adoption in real-world
healthcare settings. Through this integrated approach, the study aims to bridge the gap
between laboratory-based knowledge, clinical realities, and policy or institutional
frameworks that govern technology uptake.

In terms of scientific scope, the study examines antimicrobial fabrics broadly, while
maintaining a deliberate emphasis on zinc-based antimicrobial textiles due to their
emerging relevance, cost-effectiveness, biocompatibility, and growing presence in Indian
innovation ecosystems. The scope includes the review of laboratory evaluations, clinical

studies, field-based research, and technological assessments that provide insight into the
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microbiological characteristics, durability, washability, safety profile, and performance of
antimicrobial textiles. Additionally, the study explores the contribution of textile-mediated
contamination to infection transmission pathways within healthcare environments,
recognizing textiles as potential reservoirs of microbial load that are often under-addressed
in conventional infection prevention and control (IPC) programmes.

The institutional and systemic scope of the research comprises an analysis of operational
workflows, healthcare staff practices, procurement procedures, regulatory considerations,
financial constraints, and organizational cultures that influence the uptake of antimicrobial
fabrics. Indian public and private hospitals are included as the primary contextual focus,
given the diversity in resource allocation, patient load, infrastructure maturity, and
infection control capacities between these sectors. By incorporating qualitative insights
from administrators, clinicians, infection control specialists, procurement officers, and
textile innovators, the study aims to capture the complexity of institutional decision-
making and the contextual realities shaping the feasibility and acceptability of

antimicrobial textile implementation.

1.9.2 Delimitations of the Study

It is important to distinguish the boundaries of this research from its weaknesses.
Delimitations are the intentional boundaries set by the researcher to define the study's
focus and ensure feasibility. The research design for this study has been established with
specific boundaries to ensure a focused, feasible, and academically rigorous investigation

into the adoption of zinc-based antimicrobial textiles. While the scope of the problem—
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Antimicrobial Resistance (AMR)—is vast, the following parameters have been

intentionally excluded from this study to maintain depth over breadth.

1. Laboratory and Microbiological Testing

This study does not involve in vitro laboratory experiments or direct microbiological
testing of fabric samples. While the chemical efficacy of zinc-based coatings is well-
documented in existing literature, this research focuses on the implementation science
and social perception aspect rather than the bench-science validation of biocidal

properties.

2. Clinical Measurement of Infection Rates

The study does not track direct clinical outcomes, such as longitudinal data on Hospital-
Acquired Infection (HAI) rates or mortality. Instead, it relies on the perceptions of
clinical efficacy and safety from healthcare professionals and patients. This delimitation
acknowledges that isolating a single textile intervention as the sole cause for infection
reduction requires a controlled clinical trial, which is beyond the scope of this social-

technical inquiry.

3. Hospital Sector Focus

This study is delimited to public healthcare facilities and government-run hospitals.
Private healthcare institutions are excluded due to their differing procurement models and

budgetary frameworks. Focusing on the public sector allows for a specific analysis of the
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"Budgetary Inelasticity' and "Distribution Fragility' unique to the Indian

government healthcare infrastructure.

4. Specificity of Technology

The research is restricted to zinc-based antimicrobial technologies. It does not provide a
comparative evaluation of all antimicrobial agents (such as silver, copper, or quaternary
ammonium compounds). This focus ensures an in-depth understanding of one specific,

emerging solution that is particularly relevant to the Indian manufacturing context.

5. Economic Evaluation Limits

While the study discusses the barriers of cost, it does not constitute a full, formal "Cost-
Effectiveness Analysis" (CEA) or a "Health Technology Assessment" (HTA). The
economic discussion is limited to stakeholders' financial perceptions and procurement

experiences rather than a comprehensive econometric audit.

6. Geographic and Administrative Boundaries

The study is delimited to the State of Maharashtra, India only. Administrative boundaries
are set to ensure the survey sample remains representative of a specific regional supply
chain and demographic, rather than attempting to generalize across the entire, diverse

Indian subcontinent.

1.10 Assumptions

20



In the context of this study, assumptions are the foundational conditions that are accepted
as true for the purpose of the research design, data collection, and subsequent statistical
interpretation. Unlike limitations, which represent known constraints, these assumptions
justify the validity of the chosen mixed-methods approach and the generalizability of the
findings within the specified scope.

1.10.1. Data-Related and Respondent Assumptions

The integrity of the empirical findings relies on the premise that the data provided by
participants is both accurate and representative of their professional reality.

Respondent Sincerity is assumed that all participants (clinicians, administrators, and
laundry staff) provided honest and candid responses during the survey and interview
phases, free from social desirability bias.

As for Competency and Knowledge, the study assumes that the selected stakeholders
possess sufficient professional experience and direct exposure to Infection Prevention and
Control (IPC) protocols to provide meaningful insights into the adoption of zinc-based
textiles.

Perceptual Validity: A core assumption is that self-reported perceptions—such as
perceived efficacy and user comfort—serve as reliable indicators of institutional readiness
and are accurate predictors of eventual technology adoption.

1.10.2. Methodological and Analytical Assumptions

To ensure the statistical validity of the p-values and regression models (such as the

Cognitive-Clinical Nexus), the following methodological conditions are assumed:
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Metric Accuracy is assumed that the five-point Likert scales utilized in the survey
instrument are appropriate for capturing the nuance of human perception and can be treated
as interval data for the purpose of quantitative analysis.

As for Thematic Representation, In the qualitative phase, it is assumed that the recurring
patterns identified through thematic analysis are not isolated incidents but reflect broader
institutional realities within the healthcare system.

Finally, regarding Linearity and Correlation. the use of linear regression assumes a
measurable relationship exists between staff awareness and perceived infection reduction,
which can be captured through mathematical modeling.

1.10.3. Contextual and Environmental Assumptions

The study operates under the assumption that the participating facilities and their
operational environments are representative of the larger system.

Firstly, Institutional Representativeness is assumed that the participating public hospitals
and clinics reasonably represent the logistical and economic conditions found throughout
the Indian public healthcare sector within the geographic scope of the study.

Secondly, as for IPC Comparability, the research assumes that despite minor local
variations, the Infection Prevention and Control (IPC) contexts across different facility
settings (Urban vs. Rural) are sufficiently comparable to allow for a synthesized thematic
analysis.

Finally, Technological Uniformity is assumed that the zinc-based antimicrobial textiles
discussed in the survey are understood by participants as a consistent technology category

with standardized biocidal expectations.
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1.10.4. Ethical and Procedural Assumptions

To maintain the academic integrity of the research, certain ethical safeguards are assumed
to have functioned as intended:

As for Voluntary Participation, the research assumes that all participants provided informed
consent and participated of their own volition, without coercion or institutional pressure
from hospital leadership. Also, Anonymity and Safety are assumed that the measures taken
to ensure respondent confidentiality were perceived as robust by the participants, allowing
them to report barriers (such as "Distribution Fragility") without fear of professional

reprisal.

1.11 Significance of the Study

This research holds profound significance as it addresses the critical intersection of
advanced material science and healthcare implementation. By investigating the adoption
of zinc-based antimicrobial textiles, the study provides a roadmap for mitigating
Antimicrobial Resistance (AMR) within resource-constrained environments.

1.11.1 Theoretical Contribution

This study contributes to the existing body of knowledge by establishing the Cognitive-
Clinical Nexus, a framework that quantifies how knowledge-depth serves as a primary
predictor of technology trust.

Extension of TAM: It extends the Technology Acceptance Model (TAM) by integrating
"Biocidal Efficacy" and "Ergonomic Comfort" as critical variables in medical technology

adoption.
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Paradox Identification: It theoretically defines the Logistical-Economic Paradox,
explaining why universal economic barriers coexist with location-specific supply chain
vulnerabilities.

1.11.2 Contribution to Business and Healthcare Practice

For healthcare administrators and clinicians, this study offers pragmatic insights into the
operationalization of self-disinfecting textiles.

Operational Efficiency: By identifying the "Nursing Gap," the study provides healthcare
managers with data to demand improved breathability and weight standards from
manufacturers, ensuring higher staff compliance.

Evidence-Based Procurement: The findings empower hospital procurement boards to
move beyond the "Lowest Bidder" (L1) model toward Value-Based Procurement, where
patient safety outcomes justify initial capital expenditure.

1.11.3 Contribution to Industry and Policy

The research serves as a strategic guide for textile manufacturers and Indian policy-
making bodies involved in the National Action Plan on AMR (NAP-AMR).

Localized Supply Chains: By highlighting Distribution Fragility, the study signals a need
for policymakers to incentivize "Last-Mile" specialized vendors in rural healthcare hubs.
Standardization: The study advocates for Medical-Grade Standardization, providing a
basis for regulatory bodies to develop certification protocols that validate the biocidal
persistence of zinc-coated materials in Indian laundry conditions.

1.11.4 Social and Ethical Contribution
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At its core, the significance of this study is measured by its potential impact on public
health and patient equity.

Patient Safety is identified as the primary driver (27% of responses), this study reinforces
the ethical mandate to protect vulnerable populations from Hospital-Acquired Infections
(HAIs), while Democratization of Healthcare should be signified by addressing the
Urban-Rural Divide, the study promotes health equity, ensuring that advanced infection-
control technologies are not restricted to elite urban centers but are made accessible to
remote, high-risk clinical settings.

In summary, the significance of this study stems from its multidimensional contribution to
science, healthcare practice, policy, industry, and society. It deepens understanding of
antimicrobial textiles within the Indian healthcare context, provides actionable insights for
their effective adoption, advances conceptual understanding of technology diffusion in
healthcare environments, and supports efforts to strengthen infection prevention systems.
By addressing a critical yet underexplored determinant of microbial contamination, the
study positions antimicrobial textiles as a strategic innovation capable of contributing

meaningfully to HAI reduction, patient safety enhancement, and health system resilience.

1.12 Chapter Summary and Transition
This thesis is well structured to provide conceptual clarity and methodological coherence,
progressing logically from the identification of the problem to the formulation of practical

recommendations.
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The structure of this research has been carefully organized to ensure conceptual clarity,
methodological coherence, and a logical progression from problem identification to
practical recommendations. The study is divided into five chapters, each contributing to
the overarching research objectives. Chapter 2 provides a comprehensive literature review
on healthcare-associated infections (HAIs), antimicrobial textiles, contamination
mechanisms, organizational adoption theories, and existing knowledge gaps. Chapter 3
explains the research methodology, including the research design, qualitative approach,
participant selection, data collection procedures, thematic analysis, and ethical
considerations. Chapter 4 presents the analysis and findings from both the scientific
evidence synthesis and qualitative data, highlighting key themes, stakeholder perspectives,
and operational realities within Indian healthcare facilities. Chapter 5 integrates the
findings with relevant theoretical perspectives and develops actionable recommendations
for policymakers, hospital administrators, and industry stakeholders. It interprets the key
results, discusses implementation considerations in Indian public hospitals, and outlines
strategic implications. Finally, Chapter 6 concludes the study by summarizing the main
findings and highlighting its theoretical and practical contributions. It also addresses the
study’s limitations and suggests directions for future research.

This structured organization guides the reader from foundational context through empirical
evidence to interpretive synthesis, ensuring clarity, transparency, and academic rigor
throughout the study.

This research will present the empirical findings derived from both scientific evidence

synthesis and qualitative inquiry, emphasizing key themes, stakeholder viewpoints, and
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operational conditions within Indian healthcare settings. It synthesizes these findings with
theoretical perspectives to generate conclusions and actionable recommendations for
policymakers, healthcare administrators, and industry representatives, while also
identifying directions for future research. Collectively, this structure provides a clear,
rigorous, and transparent progression from foundational context to analytical interpretation

and applied insights.
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CHAPTER II:
REVIEW OF LITERATURE

2.1 Introduction

Hospital-acquired infections (HAIs) remain a persistent and pressing public health
problem across India, with the challenge being particularly acute in healthcare settings
that are overcrowded or under-resourced. While longstanding infection control efforts
have primarily concentrated on cleaning hard surfaces and promoting hand hygiene,
recent research increasingly points to the overlooked but important role of soft
surfaces—such as bed linens, curtains, and staff uniforms—in the spread of pathogenic
microbes within hospitals. Standard laundering procedures, although widely practiced,
often fail to completely eliminate microbial bio-load from these textiles, allowing them
to serve as reservoirs for infection and facilitating the ongoing transmission of HAIs. In
this context, antimicrobial fabrics—especially those treated with zinc-based agents—
have emerged as a promising strategy, demonstrating measurable reductions in surface-
level bacterial contamination and transmission risk. Zinc offers unique advantages as an
antimicrobial agent in Indian hospitals due to its affordability, proven biocompatibility,
and suitability for widespread use as a non-chemical intervention. Beyond direct
infection control benefits, the broader adoption of antimicrobial textiles also presents
growing opportunities for both commercial innovation and public policy support,
aligning well with the expansion of India’s healthcare infrastructure and medical textiles

sector. This study, therefore, seeks to comprehensively examine the impact of
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antimicrobial fabrics on infection control by evaluating their effectiveness in reducing
HAIs and exploring the practical, economic, and systemic challenges that affect their
adoption in Indian healthcare settings.

Since ancient times, zinc has been used in textiles and fabrics to control, minimize, and
even prevent microbial infections, both in domestic and healthcare settings. Zinc-based
antimicrobial textiles, which incorporate zinc compounds into fabric structures, have
recently gained prominence due to their potential to reduce infection transmission,
control odors, and enhance overall textile hygiene. These fabrics are being explored
across a range of applications, including healthcare, sportswear, and daily wear, owing
to their broad-spectrum antimicrobial properties and relatively high safety profile. Zinc-
infused fibers function by disrupting microbial cell membranes, inducing oxidative
stress, and interfering with bacterial enzyme systems. As a result, zinc-based fabrics are
increasingly used in hospital gowns, bed linens, surgical masks, socks, athletic wear,
undergarments, outerwear, curtains, carpets, and even food packaging. Their promising
antibacterial properties offer a novel approach to improving hygiene and functional
performance across textile products. Ongoing research and development efforts continue
to optimize their antimicrobial effectiveness, wash durability, environmental safety, and
cost-efficiency for broader adoption.

The purpose of this review is to synthesize existing research on zinc-based antimicrobial
textiles, identify key areas where further research is needed, and avoid unnecessary
duplication of knowledge. A critical analysis of the literature has been conducted to

understand the various impact factors—including enablers, moderators, and mediators—
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that influence the adoption and sustained use of these textiles, particularly in clinical
settings. Additionally, this study examines the comparative application of antimicrobial
fabrics in hospitals located in Tier-1 metropolitan cities versus those used in rural
primary healthcare centers in India. Another important aspect of this review is the
exploration of how various contextual factors—such as the type and prevalence of
specific HAIs, gender and age differences, patient experiences, cost and affordability,
laundry procedures, and waste disposal—differ between public and private healthcare
institutions. This review also evaluates the production-related challenges, affordability
barriers, and environmental concerns associated with scaling up antimicrobial textiles
and presents possible strategies for overcoming them. Through this comprehensive
literature review, we aim to provide a clearer understanding of the potential of zinc-
based antimicrobial fabrics to reduce hospital-acquired infections (HAIs) in the Indian
healthcare system. The review also identifies key institutional and operational barriers,
as well as enablers, for successful implementation and scale-up. Ultimately, this research
seeks to inform evidence-based policy design, support hospital procurement strategies,
and contribute to patient-centered improvements in infection control. This research also
explores the broader policy implications of integrating zinc-based antimicrobial textiles
into India’s public health system. By leveraging data generated through this
investigation, the goal is to propose actionable strategies for aligning existing healthcare
policies with the demonstrated benefits of antimicrobial fabrics. From the patient’s

perspective, emphasis is placed on ensuring affordability through cost-effective
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manufacturing, enhancing odor control and textile longevity, and optimizing laundering
practices to preserve antimicrobial efficacy.

In conclusion, zinc-based antimicrobial fabrics represent a promising innovation for
enhancing hygiene, reducing HAIs, and improving the functional performance of textiles
in healthcare and other sectors. Continued research and targeted policy support will be
essential for realizing their full potential and achieving scalable, sustainable adoption

within India’s healthcare infrastructure.

2.2. Theory

2.2.1. A Proposed Theoretical Framework on Impact of Zinc-Based Antimicrobial
Fabrics on HAIs

Figure 2.1 given below illustrates the causal relationship between the use of zinc-based
antimicrobial fabrics and the reduction of hospital-acquired infections (HAIs) within
Indian healthcare settings. Use of zinc-based antimicrobial fabrics (e.g., bedsheets,
gowns, curtains) contributes to independent variable outcomes. Owing to its broad-
spectrum antimicrobial activity, Zinc is very effective against a wide range of bacteria,
fungi, and even some viruses. It also Inhibits bacterial growth, so can prevent the growth
and multiplication of bacteria on the fabric surface, reducing the risk of infections and
unpleasant odors. By inhibiting bacterial growth, zinc-based fabrics help to minimize
body odor, keeping clothes smelling fresher for longer. Healthcare-associated infections
(HAIs) remain one of the most persistent and costly challenges in global healthcare

systems, with particularly significant consequences in low- and middle-income countries

31



such as India. HAIs contribute to increased morbidity, mortality, prolonged
hospitalization, and rising antimicrobial resistance (AMR). Although infection
prevention and control (IPC) efforts have traditionally focused on hand hygiene,
sterilization, and environmental cleaning, an expanding body of research demonstrates
that healthcare textiles—including bed linens, patient clothing, staff uniforms, privacy
curtains, and soft furnishings—constitute critical reservoirs of microbial contamination.
Their porous structure, high-frequency contact, and irregular laundering cycles enable
persistent microbial colonization and contribute to cross-transmission. The COVID-19
pandemic further highlighted the wvulnerability of soft surfaces in healthcare
environments, intensifying interest in new biosafety strategies such as antimicrobial
fabrics. Among emerging textile technologies, zinc-based antimicrobial fabrics
represent a promising innovation due to their broad-spectrum antimicrobial activity,
durability, cost-efficiency, biocompatibility, and compatibility with large-scale textile
processing. Zinc inhibits microorganisms by disrupting cellular membranes, interfering
with enzymatic functions, and generating reactive oxygen species. Numerous studies
affirm the potential of zinc- and other metal-based treatments to reduce bacterial load on
textiles. Research also indicates that zinc-treated fabrics maintain efficacy after multiple
laundering cycles, making them feasible for high-turnover hospital settings. Additional
benefits, including UV protection, odor control, and low environmental toxicity,
enhance their relevance within healthcare environments. The impact of antimicrobial
textiles on infection risk is mediated by factors such as bacterial load on soft surfaces,

exposure frequency, and hygiene compliance. High contamination levels combined with
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frequent handling—particularly of privacy curtains, bed linens, and uniforms—create
significant opportunities for pathogen transfer. Studies of hospital textiles show
contamination with clinically significant organisms such as Staphylococcus aureus,
Pseudomonas aeruginosa, Klebsiella species, E. coli, and vancomycin-resistant
Enterococci (VRE). Evidence from in vivo and field studies suggests that antimicrobial
finishes can substantially reduce microbial burden. For example, research by Gupta et
al. (2022) demonstrated an 81% reduction in bacterial load on nurses’ white coats treated
with antimicrobial finishes, with nearly complete elimination of several pathogens.
Similar findings are reported in systematic reviews of antimicrobial textiles, with silver,
copper, zinc, and quaternary ammonium compounds reducing contamination in both
patient-use and environmental textiles. The global epidemiology of HAIs underscores
the urgency of such innovations. WHO estimates that between 7% and 15% of acute-
care patients acquire an HAI during hospitalization, with mortality rates among affected
patients reaching 10%, and substantially higher in intensive care units. HAIs account for
a significant proportion of hospital-treated sepsis cases. Despite this burden, IPC
program implementation remains uneven: only 3.8% of assessed countries meet WHO’s
minimum national IPC requirements. Resource limitations, inadequate surveillance, and
insufficient training amplify the challenge, especially in low-income settings where HAI
incidence is highest. AMR intensifies the threat posed by HAIs. Recent analyses from
the Antimicrobial Resistance Collaborators emphasize that AMR is now a leading global
cause of infection-related deaths. High-priority pathogens—including E. coli, S. aureus,

and K. pneumoniae—exhibit widespread resistance and are frequently detected on
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hospital textiles. The convergence of AMR and inadequate textile hygiene highlights the
role of antimicrobial fabrics as a preventive, passive, and sustainable complement to
conventional IPC measures.

Hospital characteristics and operational conditions also moderate the effectiveness of
antimicrobial textile interventions. Public hospitals often face overcrowding, resource
constraints, and limited laundering capacity, which increase the probability of textile-
associated contamination. Environmental factors, such as inadequate ventilation, and
behavioral factors, including poor compliance with hand hygiene and linen handling
protocols, further elevate risk. Staff training is repeatedly identified as a decisive factor:
improved knowledge of textile contamination risks can enhance adherence to safe
handling and laundering procedures. Despite promising scientific evidence, the adoption
of antimicrobial textiles in Indian healthcare facilities remains limited. Barriers include
cost concerns, competing procurement priorities, uncertainty about long-term durability,
lack of regulatory guidance, and limited awareness among hospital administrators and
policymakers. Fragmented supply chains and inconsistent quality standards further
complicate implementation. Nonetheless, developments such as the IIT Delhi—Fabiosys
initiative—producing infection-proof cotton fabrics capable of killing 99.9% of
pathogens within two hours—illustrate the growing interest in indigenous, scalable
textile innovation.

The existing scientific literature provides a rich but fragmented picture of antimicrobial
textile performance. Early foundational studies by Borkow and Gabbay (2008) and

Wiener-Well et al. (2011) established that textiles serve as reservoirs for pathogens and
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can participate in transmission cycles. Later research expanded on specific mechanisms,
materials, and treatment methods. Systematic reviews, such as that conducted by
Schneider et al. (2023), analyze multiple intervention studies and confirm that
antimicrobial textiles can reduce microbial contamination and, in some cases, HAI
incidence. However, these reviews also caution against potential resistance development
and highlight the need for controlled, context-specific implementation. Complementary
biosafety innovations have emerged in response to pandemic-related concerns, including
improved pathogen inactivation methods for laboratory samples and enhanced IPC
frameworks supported by WHO and CDC guidelines. These guidelines emphasize
multimodal strategies, including surveillance, environmental cleaning, leadership
engagement, and behavior change interventions. Antimicrobial textiles align with these
strategies by offering an integrated, material-based approach that supplements human-
dependent practices. Textile laundering and maintenance play a crucial role in
determining microbial load and intervention effectiveness. Studies show that while
laundering generally reduces contamination, lapses in disinfection practices or post-
laundry recontamination can reintroduce pathogens. Items such as privacy curtains,
which are infrequently cleaned despite frequent contact, represent particularly high-risk
surfaces. Antimicrobial treatments provide a layer of continuous protection in these
cases, helping to maintain lower bioburden between laundering cycles. Although silver-
based finishes are among the most studied, zinc-based textiles offer several advantages:
lower cost, reduced toxicity, environmental sustainability, and strong compatibility with

Indian textile production infrastructure. Zinc’s biocompatibility and thermal stability
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make it suitable for repeated hospital laundering processes. In addition, the use of zinc
aligns with global efforts to adopt greener, more sustainable antimicrobial technologies.
Taken together, emerging research positions antimicrobial textiles—especially zinc-
based fabrics—as an important adjunct to existing IPC strategies. They have the
potential to interrupt microbial transmission pathways, reduce reliance on chemical
disinfectants, and enhance overall environmental hygiene. However, their successful
implementation requires attention to local contextual factors, including resource
availability, infrastructure, training, and regulatory frameworks.

In summary, HAIs in India and globally represent a complex challenge driven by
microbial, environmental, institutional, and behavioral factors. Soft surfaces serve as
important yet under-recognized vectors in the transmission cycle. Incorporating
antimicrobial textiles into hospital settings offers a promising, scientifically supported
means of reducing microbial burden and mitigating HAI risk. Zinc-based antimicrobial
technologies, in particular, combine efficacy, cost-efficiency, and sustainability, making
them especially well-suited to large, resource-constrained healthcare environments. For
widespread adoption to succeed, coordinated efforts involving policymakers, hospital
leadership, procurement systems, textile manufacturers, and IPC specialists are essential.
As healthcare systems continue to face persistent and emerging infectious threats,
antimicrobial textiles stand as a viable component of a comprehensive, multi-layered

infection prevention strategy.
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Moderating Factors:
1. Type of hospital {public vs. private)
2. Environmental conditions (humidity,
temperature)
3. Staff training (proper handling, laundering)
4. Patient vulnerability (e.g., ICU vs. general

ward} |_|

J

Mediating Factors: J

1. Reduction of bacterial load on soft
surfaces
2. Improved hygiene through sustained
antimicrobial action

3. Decrease in cross-contamination
through linens and curtains

Indepe EEFILES L Dependent Factor:
Use of zinc-based o Reduction in Hospital-
hospitals Acquired Infections (HAIs)

Figure 1: Impact of Zinc-Based Antimicrobial Fabrics on HAIs
Source: Based on Murphy, Finbarr & Tchetchik, Anat & Furxhi, Irini. (2020).

2.2.2 A Proposed Conceptual Framework on Barriers and Enablers in Implementing
Antimicrobial Fabrics

This framework explores the multi-level challenges that hinder the adoption of
antimicrobial fabric technologies in Indian hospitals, alongside potential enablers.
Laundry process adaptation, product sourcing and supply chain constraints are the main
operational barriers impacting the successful abundant use of antimicrobial fabrics.Zinc-
based antimicrobial fabrics can maintain their antibacterial properties through multiple

wash cycles, but proper laundry practices are crucial for maximizing their longevity and
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effectiveness. Gentle washing with cool or lukewarm water, avoiding hot water, and
turning the fabric inside out can help preserve the antimicrobial finish. Sourcing zinc-based
antimicrobial fabrics presents several challenges, including potential impacts on fabric
strength and breathability, concerns about the long-term durability of the antimicrobial
properties, and the need for cost-effective and scalable production methods. Additionally,
ensuring the safety and environmental impact of zinc based fabrics is crucial. Zinc-based
antimicrobial fabrics face several supply chain challenges, including issues related to the
synthesis, their stability and durability of textiles and the cost-effectiveness of large-scale
production. Additionally, maintaining wash fastness (resistance to losing effectiveness
through washing) is also challenging to manage and ensure. Furthermore, environmental
and health concerns related to certain synthesis methods and the potential release of Zinc
needs careful consideration Operational barriers to preventing hospital-acquired infections
(HAISs) include factors like inadequate staffing, lack of resources, and insufficient training,
all of which can hinder effective infection control practices. Additionally, issues like poor
hand hygiene compliance, limited environmental cleaning, and inappropriate antimicrobial
use further contribute to the spread of HAIs.

Higher upfront cost, affordability for patients and facilities are the key economic barriers
with respect to large-scale manufacture and enhanced use of antimicrobial fabrics for
reduction of HAIs. While zinc-based antimicrobial fabrics offer promising benefits, there
are economic barriers to their widespread adoption, primarily related to the cost of
production and the complexity of some manufacturing processes. These barriers include

the cost of raw materials, specialized equipment for nanoparticle synthesis, and the need
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for optimized application methods to ensure durability and effectiveness. Zinc-based
antimicrobial fabrics offer a promising solution for infection control in healthcare settings,
but their affordability for patients is a key consideration. While the technology itself is
promising, the cost of manufacturing and implementing these fabrics can vary widely,
impacting patient affordability. Hospital-acquired infections (HAIs), also known as
healthcare-associated infections, pose significant economic barriers due to increased
healthcare costs, prolonged hospital stays, and potential for increased mortality. These
infections not only impact individual patients but also strain healthcare systems and
national economies. Hospital-acquired infections (HAIs), also known as healthcare-
associated infections, pose significant economic barriers due to increased healthcare costs,
prolonged hospital stays, and potential for increased mortality. These infections not only
impact individual patients but also strain healthcare systems and national economies. Low
awareness among staff, resistance to change and limited user training comprise of
behavioral factors impacting the widespread use of antimicrobial fabrics in India. Zinc-
based antimicrobial fabric training typically involves understanding the antimicrobial
properties of zinc and how they can be imparted to fabrics. Further it would also need
critical evaluation of the resulting fabrics antimicrobial activity, their stability and
exploring potential applications in various textile avenues. Staff training for handling zinc-
based antimicrobial fabrics should focus on safe usage, proper care, and potential health
and environmental considerations. This includes understanding the fabric's antimicrobial
properties, how to wash and dry it correctly, and being aware of any potential skin

sensitivities or environmental impact. Behavioral barriers significantly hinder the
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prevention of hospital-acquired infections (HAIs). These barriers include inadequate
adherence to infection prevention and control (IPC) practices, such as poor hand hygiene
and improper use of personal protective equipment (PPE). Furthermore, factors like heavy
workloads, time constraints, and inadequate training can contribute to these behavioral
issues. Lack of national mandates, weak incentives, fragmented implementation are the key
policy and Institution related gaps in this initiative. In India, there is growing interest in
zinc-based antimicrobial fabrics, particularly for healthcare applications, due to their
potential to reduce healthcare-associated infections. While specific national policies
directly addressing these fabrics are still developing, the existing framework for healthcare
standards and textile regulations provides a foundation for their adoption and use. While
there isn't a specific, dedicated government policy or incentive program solely focused on
zinc-based antimicrobial fabrics in healthcare within India, the country is actively
promoting the use antimicrobial textiles, for healthcare applications. This is being done
through various initiatives and policies focused on boosting domestic manufacturing,
supporting research and development, and encouraging the adoption of innovative
technologies in the healthcare sector. While there isn't a specific, dedicated government
scheme solely focused on zinc-based antimicrobial fabrics, the Integrated Processing
Development Scheme (IPDS) under the Ministry of Textiles can be relevant as government
schemes and public health campaigns. This scheme supports the development of textile
processing, including the application of functional finishes like antimicrobial treatments.
Additionally, research and development efforts for antimicrobial textiles are often

supported through various government-funded programs, local awareness campaigns for
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hospital staff and patients. These fabrics are being explored and extensively promoted for
applications like wound dressings, antimicrobial gowns, and protective textiles, offering a
barrier against infectious microbes. Government schemes and public health campaigns can
act as enabling factors in reducing hospital-acquired infections (HAIs) by promoting
awareness, providing resources, and implementing preventative measures. These
initiatives often focus on enhancing hygiene practices, improving surveillance systems, and
supporting research and development of infection control strategies. Public-Private-
Partnership (PPP) is a new institutional innovation to bring in synergy, mobilize resources,
generate, validate and transfer technologies. Signs of progress in forging alliances among
partners are seen in the last few years in some pockets, but such examples making system-
wide impact are not many. The success stories have raised expectations, but a high-level
policy statement unequivocally promoting PPP is still wanting. There should be
appreciation and follow-up of best practices followed by public and private sectors with
regard to business approach and skills; decision-making and operational procedures;
connectivity with largest stake holders— hospital setups, traders and consumers; technology
generation, validation and delivery; interface with civil society organizations; efficiency
promoting work-culture; response style and time and incentive. Cost-benefit
communication strategies. Zinc-based antimicrobial fabrics offer a compelling cost-benefit
proposition by providing durable and effective protection against microbial growth at a
relatively low cost compared to some other antimicrobial treatments. Their broad-spectrum
antimicrobial activity, coupled with the potential for long-lasting efficacy and reduced

healthcare-associated infections, makes them a promising option for various applications.
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Public-private partnerships (PPPs) in healthcare can be an enabling factor in addressing
hospital-acquired infections (HAIs) by leveraging private sector expertise and resources to
improve public health outcomes. However, PPPs also present challenges that need careful
management to ensure effective infection control. Public-private partnerships (PPPs) in
healthcare can be an enabling factor in addressing hospital-acquired infections (HAIs) by
leveraging private sector expertise and resources to improve public health
outcomes. However, PPPs also present challenges that need careful management to ensure
effective infection control. It would be ideal to have Institutional Procurement Guidelines
for hospital set-ups for their procurement requirements. When procuring zinc-based
antimicrobial fabrics, consider factors like the type of zinc fibre used, textile manufacturing
method, the antimicrobial efficacy against specific pathogens, durability, and any relevant
certifications. It is critically important to ensure the fabric meets safety standards and is
suitable for its intended use, whether it's for medical textiles, apparel, or other
applications. Also to evaluate the environmental impact of the zinc-based treatment and its
disposal is a prime concern and regulatory challenge. Institutional procurement guidelines
can be an enabling factor in preventing hospital-acquired infections (HAIs) by ensuring
that appropriate infection control products are readily available and of high quality. This
includes things like hand hygiene products, personal protective equipment (PPE), and
sterilization equipment. Effective procurement practices also play a role in preventing
HAIs by ensuring that medical devices and equipment are properly maintained and

sterilized to minimize the risk of infection transmission.
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Figure 2: Barriers and Enablers in Implementing Antimicrobial Fabric Solutions

Source: Based on Klink Marie van der & Demirel Pelin 2025

In summary, Successful implementation of antimicrobial fabrics depends on addressing
both tangible and perceptual barriers. A multi-stakeholder approach—combining
awareness campaigns, financial incentives, and policy integration—is essential to

overcome these challenges and achieve system-level infection control benefits.

2.3 Literature Review

2.3.1. Hospital-Acquired Infections (HAIs): Scope and Public Health Impact

Hospital-acquired infections (HAIs), also known as healthcare-associated or nosocomial

infections, refer to infections that patient’s contract while receiving treatment in healthcare
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facilities and which were neither present nor incubating at the time of admission. These
infections can occur in hospitals, clinics, and long-term care institutions, and pose a critical
challenge to public health systems globally. HAIs significantly impact patient outcomes by
increasing morbidity, prolonging hospitalization, raising healthcare costs, and, in some
cases, resulting in mortality. Their prevalence is particularly concerning in countries like
India, where hospital infrastructure, hygiene protocols, and infection control systems often
vary widely between institutions. The burden of HAIs in Indian hospitals has been widely
reported, although prevalence estimates differ depending on the type of facility and clinical
department. For example, a study conducted in a tertiary care hospital reported an HAI rate
of 3.76% among inpatients, with particularly high incidence in the surgical intensive care
unit (ICU), medical ICU, burns ward, and pediatric departments. Other studies have
reported even higher rates in Indian ICUs, ranging from 9.6% to 17.7%. The most common
types of HAIs include urinary tract infections (UTIs), bloodstream infections (BSIs),
ventilator-associated pneumonia (VAP), and surgical site infections (SSIs). Risk factors
contributing to these infections include prolonged hospital stays, mechanical ventilation,
the use of urinary catheters, and exposure to centralized air-conditioning systems. These
conditions often coexist with systemic issues such as overcrowding, poor sanitation,
understaffing, misuse of antibiotics, and inconsistent enforcement of infection control
policies, all of which exacerbate HAI risks in the Indian context. The disparity in HAI
prevalence between urban and rural healthcare settings is another dimension that demands
attention. Some studies suggest that rural populations may experience higher rates of HAISs,

though the relationship is complex and mediated by multiple factors, including disparities
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in access to healthcare, socioeconomic status, patient demographics, and facility-level
resources. For instance, rural hospitals may lack advanced sterilization infrastructure, face
staffing shortages, and struggle with lower levels of health literacy among both patients
and healthcare workers. Conversely, urban hospitals, though better equipped, may be
challenged by patient overload and infrastructural congestion. These contextual variables
underline the importance of conducting localized surveillance to generate disaggregated
data that can inform more targeted infection prevention and control strategies. One of the
less emphasized but increasingly recognized contributors to HAI transmission is the role
of soft surfaces and hospital textiles. Items such as bed linens, privacy curtains, staff
uniforms, and patient gowns are frequently touched yet often inadequately sanitized.
Microorganisms can survive on these soft surfaces for extended periods, with studies
showing that pathogens like Staphylococcus aureus and Enterococcus faecium can persist
on polyester fabrics for up to seven days. These textiles act as fomites, transferring
microbes through direct contact with patients or healthcare personnel. Their large surface
area, porosity, and moisture-retaining properties make them ideal substrates for microbial
colonization and biofilm formation, especially in warm and humid clinical environments.
While standard laundering practices are widely used to manage textile hygiene, research
has shown that they are not always sufficient to eliminate microbial threats. Inadequate
washing protocols or the use of suboptimal temperatures and detergents may leave residual
pathogens, thereby allowing for repeated cycles of contamination. Moreover, failures in
storage and handling practices can result in clean linens becoming recontaminated before

they reach the patient. There is growing recognition among infection control experts that
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textiles require more systematic management and that antimicrobial solutions integrated
into the fabric may serve as a valuable adjunct to traditional cleaning protocols. Indeed, the
use of antimicrobial fabrics has been proposed as a proactive strategy to reduce microbial
load on high-contact soft surfaces and prevent HAIs more effectively. In this context,
recent research has focused on the development of functional textiles that incorporate

antimicrobial agents such as silver, copper, and zinc.

Ashraf, M., Manzoor, S. et al. (2020) in their research paper entitled Development of novel
antiviral nanofinishes for bioactive textiles emphasized the role of cellulosic textiles in
supporting microbial growth due to their surface characteristics and moisture retention
capacity. Their work highlighted various innovations in the application of both organic and
inorganic antibacterial agents, either during fiber formation or as part of the finishing
process. The review explored mechanisms of antimicrobial action, durability concerns, and
environmental impacts associated with both leaching and bound antimicrobial technologies.
These developments signal the growing importance of integrating materials science and
healthcare to mitigate infection risks within hospital environments. The study by Salat,
Calderon, and Jager (2018) focused on the sonochemical synthesis of zinc oxide
nanoparticles and their application in antimicrobial textile finishing. The research explored
how these nanoparticles, produced using ultrasound, could be used to enhance the
antimicrobial properties of textiles. This method utilizes ultrasound to induce chemical
reactions, generating high temperatures and pressures, which are then used to synthesize
nanomaterials like zinc oxide. The study investigated the use of zinc oxide nanoparticles

to impart antimicrobial properties to textiles. This means the treated fabrics would be more
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resistant to the growth of bacteria and other microorganisms, potentially reducing the risk
of infection and odor. This is the journal where the research was published, indicating that
it falls under the domain of materials science and engineering, specifically focusing on the
synthesis and application of nanomaterials in textiles. Zinc oxide nanoparticles are known
for their antimicrobial properties, and this study aimed to leverage these properties for
textile applications. The research suggests that sonochemically synthesized ZnO
nanoparticles could be used to create textiles with improved hygiene and functionality,
potentially impacting various industries like healthcare, sportswear, and everyday

clothing.

The research by Rathnayake and Ganepola (2020) in Textile Research Journal investigated
the durability of ZnO nanoparticle-based antimicrobial cotton fabrics after repeated
washing. The study focused on the long-term effectiveness of these fabrics against
microbial growth after multiple laundering cycles, a key factor in their practical
application. The research explored the ability of ZnO nanoparticles embedded in cotton
fabrics to inhibit the growth of bacteria like Staphylococcus aureus and Escherichia coli. A
crucial aspect of the study was assessing how the antimicrobial properties of the fabric
were affected by repeated washing. This involved subjecting the treated fabrics to multiple
laundering cycles and then evaluating their antibacterial activity. The study found that the
antibacterial effectiveness of ZnO-infused fabrics generally increased with higher ZnO
concentrations, up to a certain point. Beyond this optimal concentration, nanoparticle
agglomeration reduced the efficacy. The research highlights the potential of ZnO-

nanoparticle-treated cotton fabrics for various applications, including medical textiles,
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protective clothing, and home textiles, due to their antimicrobial properties and
durability. The research paper "Durable antimicrobial cotton fabrics coated with zinc oxide
and gallic acid using enzymatic grafting" by Salat, Cafias, and Calderdn (2022) explores a
method for enhancing the antimicrobial properties of cotton fabrics. The study focuses on
applying a coating of zinc oxide and gallic acid to cotton fibers through enzymatic grafting,
aiming to create a durable and effective antimicrobial textile. This research contributes to
the development of antimicrobial textiles, which are crucial for various applications,
including healthcare, sportswear, and everyday clothing. By utilizing a durable and
effective antimicrobial coating, the study aims to improve the hygiene and safety of textile
products. Salat et al. (2022) investigated the creation of durable antimicrobial cotton
fabrics by coating them with zinc oxide (ZnO) and gallic acid using enzymatic
grafting. The study aimed to enhance the antibacterial properties of cotton, a common
textile material, by introducing these functional components. The research focused on the
durability of the antimicrobial effect, meaning how well the treatment lasts through
washing and wear. The study likely focused on how well the ZnO and gallic acid remained
attached to the cotton fibers after multiple washes, as this is a key factor in the practical
application of such treatments. The study "In-situ synthesis of ZnO nanoparticles on cotton
fabrics for antimicrobial applications" by Das (2023) explored the direct synthesis of ZnO
nanoparticles (NPs) on cotton fabric and their resulting antimicrobial properties. The
research explores different synthesis methods to understand the most effective approach
for achieving uniform ZnO NP coatings on cotton. The study also assesses the antibacterial

activity of the treated fabrics against various microorganisms. The study evaluates the
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antibacterial performance of the treated fabrics, often wusing the colony count
method or zone of inhibition tests to assess the fabrics' ability to inhibit the growth of
bacteria like Staphylococcus aureus and Escherichia coli. The research highlights the
potential of ZnO NP-coated cotton fabrics for various applications, particularly in textiles
requiring antimicrobial properties, such as medical textiles or sportswear. The study aims
to provide a practical and sustainable method for creating antimicrobial textiles by directly
synthesizing ZnO NPs on cotton fabric. The findings contribute to the development of
functional textiles with enhanced antibacterial properties, offering potential benefits in
healthcare and other industries. This method is simpler and more environmentally friendly
compared to multi-step wet-chemical techniques often involving toxic chemicals. ZnO-
coated cotton fabrics are characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS), confirming the
formation and even distribution of ZnO nanoparticles with a hexagonal wurtzite structure
on the fiber surfaces. ZnO-functionalized fabrics display excellent antibacterial activity.
Testing against common pathogens (Staphylococcus aureus and Pseudomonas aeruginosa)
demonstrates significant zones of inhibition and up to 99% reduction in bacterial growth.
The results show marked efficacy, especially when using specific gas mixtures during
synthesis. The coated fabrics maintain desirable textile properties and exhibit additional
benefits such as photocatalytic activity (effective for dye degradation and self-cleaning).
The process is industrially scalable and uses commercially available technologies, making
it attractive for garment manufacturers and healthcare environments.One-step,

environmentally friendly process, No need for toxic reagents or elaborate washing,
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Consistent nanoparticle size and distribution, Improved durability and retention of
functional properties after washing. The research demonstrates that in-situ ZnO
nanoparticle synthesis on cotton fabric is an effective, sustainable route to create
antimicrobial textiles, supporting their application in medical, hygienic, and self-cleaning
textile products. Nair et al (2019) in their research investigated the use of zinc oxide (ZnO)
nanoparticles to impart both antimicrobial and UV protection properties to cotton
fabric. The study found that coating cotton fabric with ZnO nanoparticles, particularly at a
5% application level with a 4% poly-hydroxy-amino methyl silicone binder, significantly
enhanced both antimicrobial activity and UV protection. The study utilized ZnO
nanoparticles to functionalize cotton fabric, aiming to improve its performance in terms of
UV protection and antimicrobial activity.The research demonstrated that ZnO-coated
cotton fabric exhibited strong antibacterial activity, with a 99% reduction in bacterial
growth achieved. The study also found that the antimicrobial effect was wash-durable, with
96% bacterial reduction retained even after five wash cycles.The ZnO coating significantly
enhanced the fabric's ability to block UV radiation. The study reported a UV protection
factor (UPF) of 20, indicating excellent protection. The UV protection also remained
effective after washing, with a UPF of 15 maintained after five washes. The findings
suggest that ZnO-coated cotton fabric has potential applications in various areas, including
eco-fashion garments and medical textiles, due to its ability to protect human skin from
both UV radiation and microbes. Singh, J., Dutta, T., Kim, KH. et al (2018) in their research
work involving Zinc oxide nanoparticle (NP) based antimicrobial textiles provided a

comprehensive overview of the green synthesis, properties, and applications of zinc oxide

50


https://www.google.com/search?cs=0&sca_esv=7bb187fa02092698&sxsrf=AE3TifPHznkTq3bjRQrw_wSUXXipyaHCDg%3A1754293993677&q=poly-hydroxy-amino+methyl+silicone&sa=X&ved=2ahUKEwijucqy1vCOAxWq-jgGHbijB-8QxccNegQIBRAB&mstk=AUtExfDjbEypzQqawu4UgeZRFhZqyv822QaYRK7NiUxwuR8kyNpmSBtcv0fWOnmDdsw4lSF9FR4dG0RPUUohlm9mP0wxagkaAFtb5K-eeL1gvIEwYjFYq3zzwM1u6eTu3Rhdrew0Ch4l9c-KjYIFWbTadJodAX1zOisOi2oKhDvYm44dthI&csui=3
https://www.google.com/search?cs=0&sca_esv=7bb187fa02092698&sxsrf=AE3TifPHznkTq3bjRQrw_wSUXXipyaHCDg%3A1754293993677&q=UV+protection+factor&sa=X&ved=2ahUKEwijucqy1vCOAxWq-jgGHbijB-8QxccNegQIGRAB&mstk=AUtExfDjbEypzQqawu4UgeZRFhZqyv822QaYRK7NiUxwuR8kyNpmSBtcv0fWOnmDdsw4lSF9FR4dG0RPUUohlm9mP0wxagkaAFtb5K-eeL1gvIEwYjFYq3zzwM1u6eTu3Rhdrew0Ch4l9c-KjYIFWbTadJodAX1zOisOi2oKhDvYm44dthI&csui=3
https://www.google.com/search?cs=0&sca_esv=7bb187fa02092698&sxsrf=AE3TifPHznkTq3bjRQrw_wSUXXipyaHCDg%3A1754293993677&q=UV+protection+factor&sa=X&ved=2ahUKEwijucqy1vCOAxWq-jgGHbijB-8QxccNegQIGRAB&mstk=AUtExfDjbEypzQqawu4UgeZRFhZqyv822QaYRK7NiUxwuR8kyNpmSBtcv0fWOnmDdsw4lSF9FR4dG0RPUUohlm9mP0wxagkaAFtb5K-eeL1gvIEwYjFYq3zzwM1u6eTu3Rhdrew0Ch4l9c-KjYIFWbTadJodAX1zOisOi2oKhDvYm44dthI&csui=3
https://www.google.com/search?sca_esv=7bb187fa02092698&cs=0&sxsrf=AE3TifMfhvVlsSWzEhKcoiKxhtebL-QIww%3A1754294391031&q=zinc+oxide+nanoparticles+%28ZnO+NPs%29&sa=X&ved=2ahUKEwjvo93v1_COAxXszqACHfsjA3UQxccNegQIAhAB&mstk=AUtExfDrFUpnTMDG18XlJFLHhQR7df-w9cIUchMq0BB8anToVGgbcs918Rv-yHOcMltC-eGsH02l7Lvoyq-UbOsKm-grbpyQGbJuuvx-POlThiYYdabmhFs0EfkCZePgZlqzFN7L1jpBxVQkfU82zz0x-kLTGoVt-PowD4vWiREL7ANW0HKm6Z6Mpnq9J6fGOU3VQXN_gPEwahTQcV5_gzqGsRKNFQWvWLqyq0a1_HW90uYssRyt4U71i7NhAxTNAjMPslFGcXeq1N1n1e3xivRQFZHb&csui=3

nanoparticles (ZnO NPs) in creating antimicrobial textiles. The review covers various
methods for incorporating ZnO NPs into textiles, the mechanisms of their antimicrobial
action, and the potential of these textiles in medical and other applications. In materials
science, “green’ synthesis has gained extensive attention as a reliable, sustainable, and eco-
friendly protocol for synthesizing a wide range of materials/nanomaterials including
metal/metal oxides nanomaterials, hybrid materials, and bioinspired materials. As such,
green synthesis is regarded as an important tool to reduce the destructive effects associated
with the traditional methods of synthesis for nanoparticles commonly utilized in laboratory
and industry. In this review, we summarized the fundamental processes and mechanisms
of “green” synthesis approaches, especially for metal and metal oxide [e.g., gold (Au),
silver (Ag), copper oxide (CuO), and zinc oxide (ZnO)] nanoparticles using natural extracts.
Importantly, we explored the role of biological components, essential phytochemicals (e.g.,
flavonoids, alkaloids, terpenoids, amides, and aldehydes) as reducing agents and solvent
systems. The stability/toxicity of nanoparticles and the associated surface engineering
techniques for achieving biocompatibility are also discussed. Finally, we covered
applications of such synthesized products to environmental remediation in terms of
antimicrobial activity, catalytic activity, removal of pollutants dyes, and heavy metal ion
sensing. The review highlights the use of ZnO NP-treated textiles in various applications,
including medical textiles (e.g., wound dressings, antimicrobial gowns), protective
textiles, and bedding. The authors also discuss the challenges associated with ZnO NP-
based textiles, such as scalability, cost-effectiveness, and durability, as well as potential

future research directions. The review also mentions studies that found that ZnO NPs
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coated on cotton fabrics using sonochemical methods showed significant antibacterial
activity against both Staphylococcus aureus and Escherichia coli. Vojnits K et al (2024)
presented the findings of the Comprehensive Study on Combating ESKAPE Pathogens and
Ensuring User Safety”. Antibiotic-resistant bacteria, ESKAPE pathogens, present a
significant and alarming threat to public health and healthcare systems. This study
addresses the urgent need to combat antimicrobial resistance by exploring alternative ways
to reduce the health and cost implications of infections caused by these pathogens. To
disrupt their transmission, integrating antimicrobial textiles into personal protective
equipment (PPE) is an encouraging avenue. Nevertheless, ensuring the effectiveness and
safety of these textiles remains a persistent challenge. To achieve this, we conduct a
comprehensive study that systematically compares the effectiveness and potential toxicity
of five commonly used antimicrobial agents. To guide decision making, a specific method
was employed to select and rank the optimal antimicrobial textile finishes. Through this
approach, we determine that silver nitrate is the most suitable choice, while a methoxy-
terminated quaternary ammonium compound is deemed less favorable in meeting the
desired criteria. The findings of this study offer valuable insights and guidelines for the
development of antimicrobial textiles that effectively address the requirements of
effectiveness, safety, and durability. Implementing these research outcomes within the
textile industry can significantly enhance protection against microbial infections,
contribute to the improvement of public health, and mitigate the spread of infectious
diseases. Kramer A, Guggenbichler P et al (2006) researched on Hygienic relevance and

risk assessment of antimicrobial-impregnated textiles. The antimicrobial impregnation of
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textiles is intended to provide protection of textiles against microbial corrosion, prevention
of malodor or prophylaxis and therapy of infections, respectively. For every biocidal
product a careful risk assessment for humans and the environment has to be performed.
The advantage of antimicrobially active textiles has to be documented for every agent as
well as for every application, and a balance has to be found between a textile's quality rating
and the potential risks, e.g. sensitization, disturbance of the ecology of the skin, toxic side
effects by means of systemic absorption, cytotoxicity, genotoxicity, carcinogenicity,
teratogenicity and ecotoxicity. This article evaluates the applicability of silver compounds
as well as the classic antimicrobials triclosan, quaternary ammonium compounds, copper
and further new options like chitosan and zeolite. It has to be emphasized that there are no
objections against the use of antimicrobially active textiles if their use is equal or superior
to other preventive or therapeutic measures. This applies to the amelioration of the course
of dermatological diseases with disturbed skin flora, in particular atopic dermatitis, the
prevention and therapy of acute and chronic wound infections by wound dressings, the use
of impregnated surgical suture material as well as special indications in the prevention of
infection in medical facilities. The use of antimicrobial textiles for the prevention of
dermatomycosis by antifungal impregnation is of questionable use; the antimicrobial
impregnation of textiles for deodorization purposes has to be avoided. Presently, from a
hygienic point of view, the following questions have to be clearly determined: declaration
of any antimicrobial impregnation; development of international standards for in vitro
testing and preclinical evaluation of efficacy and tolerance; evaluation of the advantage of

the antimicrobial properties for the intended use including the risk-benefit assessment.
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Williams, J.F and Cho, U (2005) in their published paper reviewed advancements in
making synthetic fibers antimicrobial. They discussed various approaches, including the
incorporation of antimicrobial agents into the fibers and the application of antimicrobial
finishes. The article also highlighted the increasing consumer demand for hygiene and
active lifestyles, which has spurred research and development in this area. Xinyu Song et
al (2021) worked extensively on testing, characterization and regulations of antimicrobial
textiles. Nowadays, antimicrobial textiles have been widely applied in several sectors,
including hospitals and healthcare centres, food industry, clothing industry and in the
domestic environment. Antimicrobial textiles are particularly used in active patches and
dressings for wound healing, infection prevention and control (IPC), deodorization and
antifungi clothing, among other applications. This chapter reviews the characterization,
standard testing methods, as well as existing regulations in Europe and the United States
for antimicrobial textiles. Antimicrobial textiles were characterized based on their
application area. A summary of the efficacy testing standards on antimicrobial textiles was
presented and critically discussed. Safety evaluation, comprising the risk assessment was
also introduced. The increasing use of antimicrobial textiles is in need of further
development of regulations and international testing standards for safety and efficacy
evaluation in vitro including preclinical testing if applicable. Moreover, particular attention
was given to the development of  durability test standards.
Windler L et al (2012) presented Comparative evaluation of antimicrobials for textile
applications. Many antimicrobial technologies are available for textiles. They may be used

in many different textile applications to prevent the growth of microorganisms. Due to the
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biological activity of the antimicrobial compounds, the assessment of the safety of these
substances is an ongoing subject of research and regulatory scrutiny. This review aims to
give an overview on the main compounds used today for antimicrobial textile
functionalization. Based on an evaluation of scientific publications, market data as well as
regulatory documents, the potential effects of antimicrobials on the environment and on
human health were considered and also life cycle perspectives were taken into account.
The characteristics of each compound were summarized according to technical,
environmental and human health criteria. Triclosan, silane quaternary ammonium
compounds, zinc pyrithione and silver-based compounds are the main antimicrobials used
in textiles. The synthetic organic compounds dominate the antimicrobials market on a
weight basis. On the technical side the application rates of the antimicrobials used to
functionalize a textile product are an important parameter with treatments requiring lower
dosage rates offering clear benefits in terms of less active substance required to achieve the
functionality. The durability of the antimicrobial treatment has a strong influence on the
potential for release and subsequent environmental effects. In terms of environmental
criteria, all compounds were rated similarly in effective removal in wastewater treatment
processes. The regular care of textiles consumes lots of resources (e.g. water, energy,
chemicals) and antimicrobial treatments can play a role in reducing the frequency and/or
intensity of laundering which can give potential for significant resource savings and
associated impact on the environment. Ahmad Ibrahim et al (2021) studied in depth
Antimicrobial Agents for Textiles: Types, Mechanisms and Analysis Standards. The

antimicrobial efficiency, the durability and skin compatibility of the treated textile must be
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assessing during the development of an antimicrobial treatment to minimize the risk. The
antimicrobial activity testing can be categorized by quantitative and qualitative method.
The qualitative method is useful for routine quality control and for the screening of
multiples iterations during the development of a product, such as determining the wash
durability. However, this method can lead to subjective determination. Instead, the
quantitative method eliminates the possible subjectivity with plate count and luminescence
technique. In addition, the skin should not be harmed be the treated textile. The safety for
the skin can be evaluated with cytotoxicity test to human cell and irritation test in-vitro and
in-vivo. The properties of the antimicrobial should be assessed before commercialization
of an antimicrobial treated product. Antimicrobial resistance should also be a concern when
developing an antimicrobial treatment for a textile because of the large quantity of
antimicrobial agent required achieving the antimicrobial activity and durability. The
risk/reward should always be considered before applying antimicrobial product to a textile.
The risk of antimicrobial resistance can be minimized. First off, the antimicrobial should
not come close to the minimal inhibitory concentration (MIC) of the treatment during the
useful life of the product to guarantee an effective product. The MIC of the antimicrobial
product can be reached because of poor wash durability of the antimicrobial product.
Second of, the synergy, mechanism of different antimicrobial product can be combined to
reduce the resistance of a gene to a pathway. A complex antimicrobial mechanism is
believed to be more efficient and more complex for the microbe to develop a set of
successful mutated gene against the antimicrobials. Pinho, E et al (2011) published their

research which focused on comparing different standard methods for assessing
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antimicrobial activity in textiles. The study specifically compares the ASTM
E2149, AATCC 100, and ISO 20743 methods, highlighting their strengths and weaknesses
in evaluating the antimicrobial properties of textile materials. Rehan Gulati et al (2022)
gave great insightful research work regarding recent developments and functional
perspective for antimicrobial textiles. The present article explores the applications of
different synthetic and natural antimicrobial compounds used to prepare antimicrobial
textiles. Different types of antimicrobial textiles including: antibacterial, antifungal and
antiviral have also been discussed. Different strategies and methods used for the detection
of a textile's antimicrobial properties against bacterial and fungal pathogens as well as viral
particles have also been highlighted. These antimicrobial textiles are used in a variety of
applications ranging from households to commercial including air filters, food packaging,
health care, hygiene, medical, sportswear, storage, ventilation and water purification
systems. Public awareness on antimicrobial textiles and growth in commercial
opportunities has been observed during past few years. Not only antimicrobial properties,
but its durability along with the color, prints and designing are also important for
fashionable clothing; thus, many commercial brands are now focusing on such types of
materials. Overall, this article summarizes the scientific aspect dealing with different
fabrics including natural or synthetic antimicrobial agents along with their current
functional perspective and future opportunities. Ramachandran, Thushyanthy and Kumar,
Rajendrakumar (2004) discussed the development and application of antimicrobial finishes
in textiles, focusing on their importance in medical and hygienic applications. The article

highlighted the need for antimicrobial textiles due to their ability to prevent bacterial
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growth and minimize the risks associated with microbial contamination on fabrics.
Microbial infestation poses danger to both living and non-living matters. Obnoxious smells
form the inner garments such as socks, spread of diseases, staining and degradation of
textiles are some of the detrimental effects of bad microbes. Though the use of
antimicrobials have been known for decades, it is only in the recent couple of years several
attempts have been made on finishing textiles with antimicrobial compounds. The
consumers are now increasingly aware of the hygienic lifestyle and there is a necessity and
expectation for a, wide range of textile products finished with antimicrobial properties. The
new developments such as non-leaching type of finishes would help reduce the ill effects
and possibly could comply with the statutory requirements imposed by regulating agencies.
This paper reviews ways and means of finishing textiles and assessing their antimicrobial
properties. Ultimately, the continued prevalence of HAIs in India underscores the urgent
need for comprehensive infection control measures that go beyond traditional cleaning and
disinfection methods. With the demonstrated potential of antimicrobial textiles—
particularly those incorporating zinc-based compounds—to reduce microbial load and limit
transmission, their implementation offers a promising avenue for systemic improvement.
However, further empirical research and institutional readiness is required to translate this

innovation into widespread and sustainable practice.

2.3.2. Antimicrobial Fabric Technologies in Healthcare

Antimicrobial fabric technologies have emerged as a vital component of infection control

strategies, particularly in healthcare settings where microbial transmission via surfaces
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remains a persistent risk. Among the most widely used antimicrobial agents in textiles are
silver, copper, and zinc—each exhibiting unique mechanisms of action against a broad
spectrum of microorganisms. Silver ions are known for their potent antimicrobial activity,
functioning by inactivating proteins with thiol groups and interfering with DNA
replication. Copper ions disrupt cellular respiration, impair metabolic functions, and
damage key enzymatic systems, while zinc ions are effective in damaging bacterial cell
walls and inhibiting specific enzyme activity necessary for microbial survival. Although
silver is often cited as the most potent of the three, zinc offers a compelling alternative,
particularly due to its safety, cost-effectiveness, and relative environmental stability. Zinc-
based fabrics have attracted growing interest for medical and hygiene applications due to
their strong antibacterial properties and favorable material characteristics. While research
on long-term exposure remains limited, available studies suggest that zinc-treated textiles
are generally safe for patients, though isolated cases of minor skin irritation—such as
redness or itching—have been reported. Environmental concerns have also been raised,
particularly regarding the potential accumulation of zinc in soil and water ecosystems.
Nevertheless, zinc remains a viable and promising antimicrobial agent, especially when
integrated into textiles using responsible manufacturing practices. The relative
affordability and lower toxicity of zinc, compared to silver or copper, make it especially
suitable for large-scale deployment in cost-sensitive healthcare systems like India’s system.
Multiple comparative studies have demonstrated the effectiveness of zinc-based fabrics
against both Gram-positive and Gram-negative bacteria, including common pathogens

such as Staphylococcus aureus and Escherichia coli. These studies show significant

59



reductions in bacterial growth, with some reporting over 80% reductions in colony-forming
units on treated surfaces. For instance, one investigation documented an 84.9% reduction
in E. coli and an 89.5% reduction in S. aureus following application of zinc-based
antimicrobial textiles. The antimicrobial mechanism is believed to operate primarily
through the release of zinc ions (Zn?), which disrupt bacterial cell membranes and interfere
with metabolic functions, ultimately inhibiting replication and inducing cell death. The
integration of antimicrobial fabrics into essential hospital items such as bed linens, privacy
curtains, patient gowns, and healthcare worker apparel holds considerable potential for
reducing pathogen transmission. In healthcare environments, textiles are frequently
touched and often inadequately sanitized between uses, making them a silent yet potent
vector for infection. Bed linens and curtains, for instance, are known to harbor microbial
contaminants and are prone to cross-contamination due to their large surface area and
porous structure. Patient gowns and staff uniforms similarly present transmission risks,
particularly when laundering protocols are inconsistent or improperly followed. While
frequent and effective laundering remains the cornerstone of textile hygiene, certain
textiles—due to their usage patterns or materials—are not laundered often enough to
prevent microbial accumulation. The microbial burden on these surfaces can increase
significantly between wash cycles, potentially endangering vulnerable patients. The entire
lifecycle of hospital linens—from laundry services to storage, transportation, and in-ward
handling—presents multiple points of potential contamination. Unless managed
rigorously, each stage becomes a vector for microbial transmission. Implementing

antimicrobial treatment at the fabric level offers an added layer of protection, reducing the
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microbial load regardless of external handling conditions. This approach complements,
rather than replaces, existing infection control strategies by offering a passive, continuous
defense mechanism embedded in the textile itself. Morais, Guedes and Lopes (2016) in
their paper about Antimicrobial Approaches for Textiles: From Research to Market
reviewed various methods used to make textiles antimicrobial, focusing on strategies from
research to commercialization. It discusses the increasing demand for antimicrobial textiles
due to growing awareness of hygiene and infection control, particularly in healthcare and
athletic wear. The paper highlights the importance of biocompatibility, effectiveness, and
eco-friendliness of these treatments. The paper addresses the issue of microbial growth on
textiles, which can lead to unpleasant odors, reduced fabric strength, staining, and potential
health risks. The review covers both research and market-ready solutions, examining the
challenges and opportunities in bringing antimicrobial textiles to consumers. The paper
emphasizes the need for antimicrobial treatments to be effective against a wide range of
microorganisms, safe for users and the environment, and durable. The paper may also touch
on the potential of nanotechnology and green approaches for developing more effective
and eco-friendly antimicrobial textiles. Despite the advantages associated with the
antimicrobial textiles, the bacterial resistance promoted by the agents, their toxic
breakdown products and the consequent risks to human health and environment balance
have been a great concern. The long-term benefits and potential problems associated with
antimicrobial textiles should be simultaneously considered and closely monitored to avoid
the problems overpassing the benefits. Therefore, in the future, more efforts must be done

by researchers and manufacturers in order to develop more environment-friendly
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techniques and to promote the usage of “green” agents, namely natural-based compounds,
which have revealed potential antimicrobial activity without harmful effects to the
surrounding medium. Another future suggestion is to explore the agents’ micro-
encapsulation. This could improve their durability on the textile matrix and simultaneously

improve the human and environment safety level.

In sum, antimicrobial fabrics—especially those infused with zinc—offer a promising route
to enhance infection prevention in hospitals. Their demonstrated ability to reduce microbial
load on high-contact surfaces, combined with their affordability and relative safety,
positions them as viable solutions for infection control, particularly in resource-limited
settings. However, their successful deployment will require not only technical refinement
but also institutional commitment to integration within broader hygiene and procurement

frameworks.

2.3.3. Testing, Durability and Regulatory Considerations

As zinc-based antimicrobial fabrics gain recognition for their potential role in infection
control, attention has turned to assessing their durability, safety, and regulatory compliance.
Zinc-infused textiles are often promoted for their enhanced antimicrobial activity, UV
protection, and mechanical strength. Empirical studies indicate that such fabrics maintain
their efficacy even after multiple wash cycles; however, their performance can vary based
on several variables including the coating method, fabric composition, detergent type, wash
temperature, and laundering frequency. While the durability of zinc-based antimicrobial

treatments is generally considered adequate for hospital use, systematic testing is essential
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to verify their longevity in real-world conditions. In parallel with physical durability,
environmental and toxicological considerations have emerged as critical factors in
evaluating the overall safety profile of zinc-based fabrics. Zinc, while an essential trace
element for human health, can become toxic at elevated concentrations. The potential
environmental impact stems primarily from the leaching of zinc compounds during
washing and disposal processes, which may affect aquatic ecosystems and contribute to
bioaccumulation. From a human health perspective, the risk of adverse effects is relatively
low at typical exposure levels; however, skin irritation and allergic responses have been
reported in isolated cases. The form of zinc used, its concentration, and the method of
integration into the textile substrate all play a role in determining toxicity and
environmental risk. These concerns underline the importance of conducting robust
biocompatibility assessments before deploying zinc-based fabrics, particularly in sensitive
environments such as hospitals. Standardized testing methods are essential for evaluating
the antimicrobial effectiveness and durability of treated textiles. A variety of international
standards are used, including AATCC 100 and 147 from the American Association of
Textile Chemists and Colorists, ISO 20645 and ISO 13934-1 from the International
Organization for Standardization, and JIS L 1902 from the Japanese Industrial Standards.
These methodologies encompass both qualitative and quantitative assessments, such as
measuring bacterial reduction rates, tensile strength, and color fastness after repeated
laundering. Despite the availability of multiple protocols, there remains a lack of global
consensus on which testing standards should be universally adopted. Variability in test

results across different methods continues to complicate cross-comparative evaluations,
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thereby reinforcing the need for harmonization of textile testing standards at the
international level. From a regulatory standpoint, both international and domestic
certification bodies play a role in overseeing the quality and safety of antimicrobial textiles.
In the Indian context, the Bureau of Indian Standards (BIS) is responsible for regulating
the quality of industrial inputs such as refined zinc, as per IS 209:2024. Although this
standard does not directly address finished fabrics, certification of the raw zinc material
contributes indirectly to the overall quality of the end product. BIS certification, including
the ISI mark, is often mandatory for manufacturers seeking market access in India. For
medical applications, textiles must also undergo biocompatibility testing to ensure they do
not provoke adverse reactions when in contact with skin. The Global Organic Textile
Standard (GOTS), while primarily focused on environmental and labor ethics, also sets
criteria for antimicrobial treatments applied to organic fabrics. Internationally, ASTM
standards are widely recognized and serve as benchmarks for antimicrobial performance,
mechanical durability, and chemical safety. Sikander Anwer et al (2019) in their paper
Antibacterial Finishes on Textile Materials enlighted the impact of fabric surface and its
direct relevance to the load of microorganisms. As the population increases hygienic
problems and harmful diseases also come into being. It can affect the environment as well
as the internal conditions of human beings. To reduce these harmful and toxic diseases we
have to take precautionary measures and protect things from different parasites, bacteria,
fungi and molds which we use in daily life. The Antibacterial and Antimicrobial finish has
overcome the fact of increasing the bacteria and parasites, by applying it at any of the things

which we used in our daily lives. The finish removes or kills the bacteria and parasites

64



present on the surface of the material or fabric and protects us from different diseases that
other faces commonly. Its major role is to resist the bacteria and protect the material from
them, the finishing agents have played an important role in it like Chitosan, Triclosan, and
Benzyl Benzoate. So, if we can take some of these precautionary measures we cannot harm
the viruses and bacterial infections that are commonly transmitted one to another.
Environmental sustainability and end-of-life disposal of zinc-based antimicrobial fabrics
are also central concerns. Although generally considered safe for disposal, these fabrics
should not be landfilled indiscriminately due to potential long-term leaching of heavy
metals. Preferable disposal methods include recycling programs that accept treated textiles
or incineration with energy recovery under tightly controlled conditions. Incineration, if
improperly managed, can release toxic byproducts such as dioxins and heavy metals, thus
requiring the use of modern waste-to-energy systems equipped with emissions controls.
Several researchers have advocated for the development of biodegradable antimicrobial
finishes and the use of eco-friendly binding agents to mitigate environmental impact. For
example, plant-based antimicrobial compounds and chitosan have been explored as
alternatives to metal-based agents, offering similar efficacy with lower ecological risks. A
key recommendation for safe disposal includes selecting zinc oxide-based finishes over
zinc chloride, due to the latter’s higher leaching potential. Additionally, the design of
antimicrobial fabrics should incorporate principles of circularity, such as clear labeling for
recyclability, minimal use of non-recyclable treatments, and integration with specialized
textile recycling systems. Proper treatment of wastewater generated during the

manufacturing and finishing stages is also vital to minimizing environmental

65



contamination. S. Jayapriya and G. Bagyalakshmi (2013) authored a paper titled "Textile
Antimicrobial Testing and Standards" published in the International Journal of Textile and
Fashion Technology. The paper discusses various methods for evaluating the antimicrobial
properties of textiles and the relevant standards for testing. The paper addresses the
importance of antimicrobial finishes on textiles, not just for medical applications but also
for everyday use, highlighting their role in preventing bacterial growth and disease. The
study likely explores both qualitative and quantitative methods for assessing antimicrobial
activity, potentially including tests like AATCC 147, ISO 20645, AATCC 100, and JIS L
1902. The paper emphasizes the need for standardized testing methods to ensure reliable

and comparable results when evaluating antimicrobial textiles.

In conclusion, while zinc-based antimicrobial fabrics hold significant promise for
enhancing hygiene in healthcare settings, their effectiveness and sustainability depend on
rigorous testing, responsible production, and regulatory oversight. Long-term success will
require an integrated framework that combines scientific validation, environmental
stewardship, and policy enforcement. As the demand for antimicrobial textiles continues
to grow, harmonized standards and sustainable lifecycle management will be essential to

ensure their safe and impactful use in public health infrastructure.

2.3.4. Barriers to Adoption in Hospital Settings

While zinc-based antimicrobial fabrics offer significant potential in reducing hospital-
acquired infections (HAIs), their widespread adoption in clinical environments is hindered

by a range of operational, human, and institutional barriers. Operationally, maintaining the
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antimicrobial efficacy of these fabrics requires specific laundry protocols. Gentle washing
with cool or lukewarm water, the use of mild detergents, and turning the fabric inside out
during laundering are all recommended to preserve the protective properties of the textile.
However, these requirements often diverge from standard hospital laundry practices, which
prioritize high-temperature disinfection and the use of strong chemical detergents. Over
time, exposure to such harsh conditions can degrade the antimicrobial coating, reducing
the fabric's effectiveness and overall lifespan. While zinc-based textiles are designed to
endure more laundering cycles than conventional fabrics, the performance of the
antimicrobial treatment depends heavily on washing methods, detergent formulations, and
the quality of the zinc application process. The added complexity and potential cost
associated with maintaining these fabrics may deter procurement officers from including
them in hospital inventories. In addition to operational constraints, human factors represent
another critical barrier to adoption. A general lack of awareness among healthcare workers,
facility managers, and even patients can impede effective implementation. Without
adequate training on handling, laundering, and disposing of zinc-based textiles, the
potential benefits of these innovations may not be fully realized. Healthcare professionals
need to understand the specific properties of antimicrobial fabrics, including their
mechanisms of action, optimal usage conditions, and environmental handling requirements.
Furthermore, improper disposal of such fabrics can pose ecological risks if antimicrobial
agents leach into water systems or accumulate in landfills. Awareness campaigns and
structured training programs are thus essential for promoting the safe and effective use of

these materials in clinical settings. Institutional challenges, particularly in the form of

67



budget constraints and lack of formal policy support, further complicated efforts to
introduce zinc-based antimicrobial fabrics into routine hospital use. Although these fabrics
align well with India's broader healthcare priorities—such as reducing HAIs and promoting
hygienic practices under national programs like Ayushman Bharat—no specific mandates
currently exist to encourage or standardize their adoption. Funding for such innovations
remains limited, and hospital procurement systems tend to favor cost-minimization over
long-term value. The integration of antimicrobial technology adds to the manufacturing
cost of textiles, particularly when specialized production techniques are required to bind
zinc compounds to fabric fibers effectively. While zinc is more affordable than silver and
offers a relatively lower-cost option for antimicrobial functionality, the total cost of treated
fabrics is still higher than untreated alternatives. Durability and antimicrobial performance
are crucial factors influencing pricing, with medical-grade applications requiring more
robust and consistent efficacy. Without clear guidelines, incentives, or centralized
procurement frameworks, healthcare institutions may struggle to justify the upfront
investment despite the potential long-term savings in infection control. Despite these
challenges, there are notable examples of institutional and research-driven efforts in India
that demonstrate the feasibility of integrating zinc-based antimicrobial textiles into
healthcare environments. While large-scale implementations in Indian hospitals are not yet
widely documented, several research institutions, including the Indian Institutes of
Technology (IITs) and the Defence Institute of Advanced Technology (DIAT), have been
actively involved in the development and testing of these materials. One notable example

is the work of the Indian Council of Agricultural Research — Central Institute for Research
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on Cotton Technology (ICAR-CIRCOT), which has developed zinc-based antimicrobial
treatments for cotton fabrics. These innovations have resulted in the production of
antimicrobial bedsheets and textiles intended for hospital use, supporting the broader goal
of reducing dependence on imported medical materials. JJ Hospital in Mumbai, for instance,
has reportedly used zinc-treated fabrics in specialized applications, reflecting a growing,
albeit gradual, trend toward adoption. While such cases remain relatively isolated, they
highlight the role of indigenous R&D and public-sector collaboration in enabling the

deployment of antimicrobial textiles within India’s healthcare system.

In summary, the integration of zinc-based antimicrobial fabrics into hospital settings
presents a promising but complex opportunity. To overcome operational, behavioral, and
institutional barriers, a coordinated effort involving policy support, staff training,
investment in local manufacturing, and evidence-based advocacy will be required.
Bridging the gap between innovation and implementation is essential to harness the full
potential of antimicrobial textiles in improving patient safety and infection control across

Indian healthcare facilities.

2.3.5. Strategies for Scaling and Policy Integration

To ensure the effective and sustainable adoption of zinc-based antimicrobial textiles within
India's healthcare sector, strategic integration across policy frameworks, industry
partnerships, and public health initiatives is essential. One of the most promising pathways
lies in leveraging public-private partnerships (PPPs), which can facilitate knowledge

transfer, resource mobilization, and coordinated innovation between the public sector,
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research institutions, and private manufacturers. In India, collaborations between premier
research institutions such as the Indian Institutes of Technology (IITs) and the Council of
Scientific and Industrial Research (CSIR) laboratories with textile manufacturers have
played a pivotal role in developing and commercializing antimicrobial fabric technologies.
These partnerships not only support technical R&D but also provide access to
manufacturing infrastructure, regulatory navigation, and distribution networks—ultimately
bridging the gap between laboratory innovation and field-level implementation.
Additionally, PPPs offer the opportunity to build human resource capacity through
structured training programs, fostering a more informed and capable healthcare workforce
that can adopt and maintain antimicrobial textile technologies -effectively.
At the national level, while there is no singular policy dedicated specifically to zinc-based
antimicrobial textiles, their development and potential application are aligned with broader
goals of India’s public health and industrial innovation agendas. These fabrics fit within
the national priorities of infection prevention, sanitation, and hygiene promotion—
objectives echoed in large-scale initiatives such as Ayushman Bharat, the National Health
Mission (NHM), and the Swachh Bharat Abhiyan. Although current healthcare regulations
do not mandate the use of antimicrobial textiles, their integration could complement
existing infection control protocols in clinical environments. As commercial and
institutional interest grows, there is a need to establish clear regulatory guidelines and
performance standards for antimicrobial textiles, which provide both assurance of safety
and efficacy and a pathway for institutional adoption across public hospitals and healthcare

centers. Local governments and corporate social responsibility (CSR) initiatives also play
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a critical role in enabling grassroots-level implementation of antimicrobial textiles. These
initiatives can serve as catalysts for localized pilot projects and targeted interventions,
particularly in underserved or high-risk communities. CSR-funded programs could focus
on supplying antimicrobial hospital linens and personal protective equipment (PPE) to rural
clinics, public health centers, or disaster-affected regions, thereby addressing both health
equity and hygiene access. Moreover, integrating zinc-based antimicrobial textiles into
community health campaigns can promote awareness and behavior change, especially in
vulnerable populations. From a sustainability perspective, CSR and local innovation
ecosystems can drive the development of eco-friendly production methods and the use of
locally sourced materials—contributing to circular economy goals while strengthening
local supply chains. In primary healthcare settings, the scaling of zinc-based antimicrobial
textiles must be both context-sensitive and functionally integrated into day-to-day
operations. These fabrics offer significant utility in the production of hospital linens,
privacy curtains, and PPE, all of which are high-contact surfaces that frequently harbor
pathogens. In resource-constrained facilities where laundering capabilities may be limited,
the use of antimicrobial textiles adds an additional protective layer by reducing the
microbial burden between cleaning cycles. Moreover, zinc-infused wound dressings
represent another critical application area, particularly in the management of chronic
wounds and post-surgical care, where infection control is paramount. With increasing
evidence supporting their antimicrobial efficacy, these fabrics could be introduced
incrementally through pilot deployments in primary health centers and district hospitals,

accompanied by training programs for healthcare workers on proper usage, maintenance,
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and disposal. Taken together, the successful integration of zinc-based antimicrobial textiles
into India's healthcare infrastructure depends on a multi-tiered strategy. This strategy must
include national-level policy alignment, targeted PPPs for technology scaling, community-
focused CSR interventions, and operational integration within primary care settings. By
aligning health, industrial, and environmental goals, this coordinated approach can
transform zinc-based antimicrobial fabrics from a niche innovation into a core component

of sustainable and effective infection control systems in India.

2.3.6. Gaps in Research Variables

It is evident antimicrobial fabrics, particularly the Zinc based fabrics can be used for
infections control in hospital set up for efficient patient care. There is an increasing trend
for this application owing to the very vital benefits that these special fabrics offer in terms
of hospital acquired infections control, reduced antimicrobial resistance, odor control,
reduced patient stay duration in hospitals, reduced revisiting hospital to manage hospital
acquired infections (HAIs), additional layer for UV protection, enhanced durability,
reducing dependence on imported fabrics, easy laundry procedures for washing these
fabrics, reduced chemical cleansing agents load, reduced environmental pollution,
sustainable manufacturing process, etc. Government of India too is actively promoting
widespread use of such antimicrobial fabrics in hospital setups with lucrative incentives.
Limitations in implementation literature (real-world data). There is limited real world data
generated through systematic scientific approach for quantitative aspects of the claims of

antimicrobial fabrics for their use in hospital set up for HAIs prevention and control.
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However active protocols and studies are in progress for this and in time to come, we may
be able to more accurately quantify the benefits of use of antimicrobial fabrics. Gaps in
stakeholder perspectives and policy effectiveness are very vital considerations with respect
to promoting the use of antimicrobial fabrics in India. A solid policy is still under
development and serious consideration for such textiles, particularly with respect to
sustainable and large-scale manufacturing processes, testing standards specifically relevant
for such antimicrobial fabrics, regulatory approvals, international accreditation local policy
mandates required for such manufacturing sites and disposal of antimicrobial fabrics. PPP
and CSR initiatives are being actively considered for effective implementation of
antimicrobial fabrics for patient benefit and protection with respect to HAIs. The two (2)

core study gaps identified in this literature review are mentioned below-

1. Limited Evidence on Real-World Effectiveness of Zinc-Based Antimicrobial
Fabrics in Reducing HAIs in India
2. Insufficient Understanding of Implementation Barriers and Policy Integration

Mechanisms

2.4 Summary of the Literature Review

The existing body of research affirms the potential of antimicrobial fabrics—particularly
those made with zinc-based technologies—in significantly reducing the incidence of
hospital-acquired infections (HAIs). These fabrics have demonstrated strong efficacy in

lowering microbial bio-loads on soft surfaces such as linens, curtains, and uniforms, which
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are often overlooked yet critical vectors for infection transmission in healthcare settings.
While laboratory studies and early clinical trials support their effectiveness, empirical
evidence from real-world hospital environments in India remains limited. Despite the
promise of antimicrobial textiles, their widespread adoption in Indian hospitals has been
inconsistent. This is largely due to a combination of operational, economic, and
institutional barriers. Key challenges include gaps in procurement frameworks, lack of
awareness among healthcare workers, and an absence of clear regulatory standards specific
to India. Zinc, among other metal-based agents like silver and copper, stands out for its
cost-efficiency and relatively safer environmental profile. However, the deployment of
zinc-based fabrics is hindered by high dependence on imported nanomaterials, limited
domestic manufacturing capabilities, and fragmentation within supply chains, all of which
restrict affordability, scale, and quality control. Furthermore, there is a notable lack of
integrative frameworks that connect antimicrobial textile use to broader infection control
strategies, public health policies, and infrastructure development. Cultural resistance,
especially in rural and resource-constrained healthcare settings, also poses a barrier to
acceptance and proper implementation. Inadequate training and awareness among end
users and healthcare professionals further reduce the effectiveness of these materials in
practice. Additionally, India-specific laundering practices—frequent and often harsh—
may compromise the durability and antimicrobial performance of these textiles over time.
Environmental concerns are another critical consideration. The absence of clear guidelines
on safe disposal, combined with weak enforcement of pollution controls, increases the risk

of ecological harm. At the same time, the regulatory landscape lacks specificity regarding
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antimicrobial textiles, creating uncertainty for manufacturers and slowing market entry.
This technological sector remains largely dependent on foreign innovation, limiting India’s
ability to scale rapidly or respond flexibly to domestic healthcare needs. Overall, while the
biomedical potential of antimicrobial fabrics is well documented, their scalable
implementation in India demands further investigation. This includes not only assessments
of real-world effectiveness but also comprehensive evaluations of policy support,

manufacturing capacity, regulatory readiness, and system-wide adoption mechanisms.

2.5 Identification of Study Gaps

Although international research increasingly supports the potential of zinc-based
antimicrobial fabrics in controlling hospital-acquired infections (HAIs), there remains a
distinct lack of empirical data assessing their real-world effectiveness in Indian healthcare
settings. Most available studies are confined to laboratory environments, leaving a
significant gap in understanding how these fabrics perform under actual hospital conditions,
particularly in diverse settings such as public versus private institutions or rural versus
urban hospitals. Furthermore, the literature rarely provides disaggregated data based on
patient demographics, hospital departments, or regional trends in HAI prevalence. This
lack of granularity makes it difficult for policymakers and healthcare administrators to
formulate targeted interventions that respond to localized infection control challenges.
While antimicrobial fabrics have been credited with reducing bacterial load, odor,
environmental chemical use, and patient hospital stay durations, such claims still lack
quantifiable validation through systematic field studies in India. In addition to these

evidence gaps, the successful adoption and large-scale implementation of antimicrobial

75



fabrics are constrained by multiple, poorly understood challenges. Operational and
institutional barriers—including limited awareness among healthcare professionals,
insufficient training, fragmented supply chains, and the absence of standardized
protocols—continue to hinder widespread adoption. Although the Government of India has
introduced various schemes and incentives to promote antimicrobial fabric usage, the
practical uptake remains slow due to policy ambiguities and unclear implementation
pathways. Furthermore, while public-private partnerships (PPPs) and corporate social
responsibility (CSR) initiatives are being discussed as vehicles to scale this innovation,
academic research on their real-world applicability and policy integration remains sparse.
Critical regulatory issues also persist, such as the need for localized testing standards,
environmental safeguards for disposal, and sustainable manufacturing guidelines tailored
to the Indian context. Taken together, these gaps highlight the urgent need for focused
empirical research to assess both the clinical impact and the institutional feasibility of
antimicrobial textile technologies. This literature review identifies two core gaps that the
current study seeks to address: first, the limited evidence on the real-world effectiveness of
zinc-based antimicrobial fabrics in reducing HAIs in India; and second, the insufficient
understanding of implementation barriers and policy integration mechanisms necessary for

scaling such innovations across diverse healthcare environments.

2.6 Study Purposes

This study is guided by two primary objectives that directly address the research gaps

identified in the existing literature. The first objective is to evaluate the real-world
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effectiveness of zinc-based antimicrobial fabrics—such as bedsheets, gowns, and
curtains—in reducing hospital-acquired infections (HAIs) in Indian clinical settings. While
previous research has demonstrated the antimicrobial properties of such textiles under
laboratory conditions, this study aims to provide context-specific, empirical evidence
drawn from diverse hospital environments. Particular attention will be given to differences
in effectiveness across public and private hospitals, as well as variations related to patient
demographics, hospital departments, and infection risk exposure.

The second objective is to examine the key barriers and enabling factors that influence the
implementation of antimicrobial fabric technologies within Indian healthcare facilities.
This includes exploring the operational, institutional, and behavioral challenges that affect
their adoption, such as procurement processes, cost considerations, regulatory uncertainties,
and awareness among healthcare staff. In parallel, the study seeks to assess how policy
mechanisms, government schemes, and public-private partnerships can facilitate more
effective and sustainable integration of these technologies into mainstream infection
control strategies. Together, these two aims are intended to generate actionable insights
that support evidence-based policy design and innovation in healthcare delivery systems

across India.

2.7 Research Questions (RQs)
RQ1: What is the impact of zinc-based antimicrobial fabrics on reducing hospital-
acquired infections (HAIs) in Indian healthcare facilities?

Hy: There is no significant difference in the mean reduction of HAIs using

antimicrobial fabrics between rural and urban hospital settings.
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H;: There is a significant difference in the mean reduction of HAIs using
antimicrobial fabrics between rural and urban hospital settings.
RQ2: What are the key barriers and enablers for implementing antimicrobial fabric
products in hospitals, and how can adoption be improved at scale in the Indian

public health system?

2.8 Chapter Summary and Transition

Zinc-based antimicrobial fabrics have emerged as a promising material innovation for
infection control, particularly in high-contact hospital settings where textile surfaces
contribute to microbial transmission. By integrating zinc oxide compounds into commonly
used items such as bedsheets, gowns, and curtains, these fabrics disrupt microbial
membranes and inhibit enzymatic activity, thereby reducing surface contamination.
Although laboratory evidence indicates strong antimicrobial potential, large-scale clinical
evaluations in real-world Indian healthcare environments remain limited. Scaling these
technologies will require coordinated Public-Private Partnerships (PPPs) among textile
manufacturers, biotechnology firms, and public healthcare institutions. Such collaborations
can support research, production, and supply-chain development, yet challenges persist in
cost-effective scaling, equitable risk-sharing, and institutional resistance to new
procurement practices. Higher upfront costs also raise concerns regarding patient
affordability and adoption in resource-constrained facilities.

A multi-layered implementation strategy is therefore essential. Recommended approaches

include bulk procurement to reduce unit prices, integration into national health schemes,
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incentives for local manufacturing, and targeted hospital-level pilots—particularly in
intensive care units where HAI risk is highest. Policy alignment remains critical; the
development of certification standards, linkages with national initiatives such as Ayushman
Bharat and the National Health Mission, and financial incentives for innovation can
collectively strengthen uptake. Persistent challenges include demonstrating long-term
antimicrobial durability across repeated wash cycles, preventing potential microbial
resistance, and reducing the environmental risks associated with synthetic materials and
zinc leaching. Addressing these issues will require investment in eco-friendly binders,
biodegradable textile substrates, and regulated recycling pathways. Future research
priorities include improved breathability and wash resistance, testing combinations of zinc
with other antimicrobial agents, life-cycle environmental assessments, and cost-
effectiveness analyses. To evaluate institutional readiness for adoption, this study applies
constructs from the Consolidated Framework for Implementation Research (CFIR).
Relevant domains—such as leadership engagement, resource availability, regulatory
compliance, supply-chain reliability, and budgetary governance—are adapted to reflect the
distinctive characteristics of textile-based innovations. This tailored framework supports a
contextually grounded assessment of feasibility within Indian healthcare systems. Building
on these insights, the subsequent chapter outlines the mixed-methods research design used
to examine the operational effectiveness and institutional viability of zinc-based
antimicrobial fabrics. The methodology is structured to capture clinical, administrative, and
policy perspectives, thereby enabling a comprehensive evaluation of their potential role in

infection-control strategies.
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CHAPTER III:
METHODOLOGY

3.1. Introduction

Hospital-acquired infections (HAIs), also referred to as nosocomial infections, pose a
significant global public health challenge, particularly in hospital and clinical environment
where vulnerable patient populations is exposed to high microbial loads. These infections
are associated with increased morbidity, mortality, and prolonged hospital stays, and they
impose substantial economic burdens on healthcare systems. The World Health
Organization (WHO) estimates that hundreds of millions of patients worldwide are affected
by HAIs annually, many of which are linked to contaminated hospital surfaces, medical
equipment, and textiles such as bed linens, gowns, curtains, and staff uniforms.

In response to this ongoing challenge, researchers and manufacturers have explored the use
of antimicrobial textiles as a complementary strategy in infection prevention. Among the
various antimicrobial agents studied, zinc-based compounds—particularly zinc oxide
(ZnO)—have emerged as especially promising. Zinc offers broad-spectrum antibacterial,
antiviral, and anti-fungal properties, combined with relatively low toxicity and good
biocompatibility. These agents can be embedded directly into fibers, during weaving,
applied as surface coatings, or integrated into nanocomposite structures, producing zinc-
based antimicrobial fabrics that actively inhibit microbial growth and persistence on textile
surfaces.

The antimicrobial action of zinc involves multiple mechanisms, including disruption of

microbial cell membranes, generation of reactive oxygen species (ROS), and interference
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with enzymatic activity, all of which contribute to microbial inactivation. Laboratory
studies have reported reductions of more than 99 percent in common HAI-causing
pathogens such as Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa.
Moreover, fabrics with integrated zinc fibers have demonstrated notable durability,
retaining antimicrobial properties even after multiple laundering cycles—an essential
requirement for hospital applications. Although laboratory results are encouraging,
evidence from real-world clinical settings remains limited. Early clinical trials and quasi-
experimental studies suggest that zinc-based antimicrobial textiles may help reduce HAI
rates when integrated into comprehensive infection control protocols. However, further
research is needed to validate these effects, assess cost-effectiveness, and ensure safety
under routine healthcare conditions. Given the growing urgency to control HAIs and
mitigate antimicrobial resistance, zinc-based antimicrobial fabrics represent a novel,
passive, and non-pharmaceutical approach that could strengthen infection prevention
strategies. This research therefore examines the development, efficacy, and potential
impact of zinc-based antimicrobial textiles in reducing the burden of HAIs, with attention

to current evidence, practical challenges, and future research directions.

3.2. Methodology for RQ1

3.2.1 Research Design and Rationale

This study adopts a quantitative cross-sectional survey design, which involves collecting
numerical data from respondents at a single point in time to examine the relationships

between key variables associated with the adoption, use, and perceived effectiveness of
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zinc-based antimicrobial fabrics in public healthcare settings. A cross-sectional survey is
particularly suitable for this research because it allows for the systematic examination of
attitudes, awareness levels, operational practices, and perceived impacts across a diverse
population of healthcare stakeholders.

The quantitative design enables the collection of standardized and generalizable data,
facilitating evidence-based evaluation of patterns and trends at the organizational and
system levels. This approach supports the study’s objective of identifying measurable
barriers to, and facilitators of, adoption within the Indian healthcare system. By relying on
structured survey items such as Likert-scale responses, categorical measures, and multiple-
choice formats, the study is able to quantify perceptions, knowledge gaps, institutional
readiness, and contextual challenges associated with antimicrobial textile implementation.
This design further allows for subgroup comparisons among respondent categories (e.g.,
administrators, infection control officers, clinicians), enabling statistical examination of
whether perceptions and adoption practices differ across stakeholder roles, organization
types, or geographic regions. The quantitative cross-sectional survey approach also
accommodates analyses of associations between variables, such as whether institutional
support predicts adoption intent, or whether previous exposure to antimicrobial
interventions influences perceived effectiveness.

The choice of a quantitative design aligns with methodological priorities of efficiency,
reliability, and objectivity. It also enhances the study’s external validity, as structured data
collected from a broad respondent base allows for generalizable conclusions regarding

current readiness and feasibility of zinc-based textile implementation in Indian hospitals.
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3.2.1.1 Feasibility Considerations

Surveys are highly feasible in geographically dispersed and resource-constrained settings
such as public hospitals in India. Compared with intensive qualitative methods like
ethnographic studies or longitudinal observations, surveys enable efficient data collection
from a large number of respondents within a short timeframe. This is particularly critical
when engaging with busy healthcare professionals, procurement officers, and policymakers.
Moreover, surveys can be administered through multiple modes—online platforms,
telephone interviews, or in-person administration—providing flexibility and minimizing
logistical barriers while maintaining broad coverage.

3.2.1.2 Methodological Advantages

From a methodological standpoint, a structured quantitative survey is well-suited to meet
this study’s objectives. The use of standardized, close-ended questions allows for
systematic data collection across a diverse group of healthcare stakeholders, thereby
enhancing reliability, comparability, and statistical interpretability of findings. Quantitative
surveys allow key phenomena—such as awareness levels, perceived effectiveness, barriers,
and institutional readiness—to be translated into measurable variables that can be analyzed
numerically.

The quantitative approach enables the study to identify statistical patterns, assess
associations between variables, perform subgroup comparisons (e.g., by profession,
geographic region, or hospital type), and estimate the prevalence or strength of perceptions

toward antimicrobial textile adoption. This method facilitates evidence-based
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interpretation of findings, allowing conclusions to be drawn with a level of generalizability
suitable for informing policy and institutional decision-making.

A quantitatively driven survey approach is particularly advantageous given the large and
heterogeneous nature of the target population, including administrators, clinicians,
infection control personnel, and policymakers. By using structured scales and categorical
responses, the design not only reduces ambiguity in interpretation but also ensures
consistent measurement across respondents, which increases internal validity and increases
the interpretive strength of cross-sectional comparisons.

In sum, quantitative survey methodology provides a rigorous and efficient means of
measuring key constructs, identifying trends, and evaluating relationships among variables
central to antimicrobial textile adoption in Indian public healthcare settings, making it the
most appropriate and methodologically robust approach for addressing the objectives of
this research.

3.2.1.3 Ethical Considerations

Surveys are among the least intrusive data collection methods, particularly in institutional
or policies where participants may be sensitive to scrutiny or hesitant to participate in
recorded interviews or extended discussions. They can be completed anonymously or
pseudonymously, protecting confidentiality and reducing social bias. Clear instructions,
consent statements, voluntary participation, and the option to skip questions ensure
adherence to ethical principles while minimizing risk. Unlike focus groups or observational
methods, well-structured surveys reduce the likelihood of breaching confidentiality or

influencing workplace dynamics.
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3.2.1.4 Scalability and Replicability

Survey instruments support scalability and replicability. Once developed and tested, they
can be reused in other hospitals or states for comparative analysis and long-term monitoring.
This makes surveys suitable not only for an initial study but also for future research and
policy evaluation. With online platforms (e.g., Qualtrics, Google Forms) and field work,
researchers can efficiently reach participants across regions, increasing sample
representativeness and generalizability.

3.2.2 Methodology

To achieve a comprehensive understanding of infection control practices within hospital
settings, it is essential to gather data from a diverse range of stakeholders. The planned
survey includes infection control nurses, physicians, ward managers, environmental
services staff, hospital administrators, and, where feasible, patients or their caregivers.
Each group provides unique insights that collectively support a holistic analysis of current
practices, challenges, and opportunities for improvement. Infection control nurses play a
central role in developing, implementing, and monitoring infection prevention policies.
Their expertise and hands-on involvement in surveillance, staff education, and compliance
assessment make their perspectives invaluable for evaluating the effectiveness and
feasibility of infection control strategies. Physicians, as primary decision-makers in patient
care, directly influence infection control outcomes through prescribing practices,
adherence to hygiene protocols, and the use of invasive procedures. Their input is crucial
for understanding the clinical dimensions of compliance with institutional guidelines.

Ward managers, who oversee the day-to-day operations of hospital wards, provide
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practical insight into how policies are translated into routine practice. They are well
positioned to comment on staff behavior, workflow integration, and resource-related
challenges that affect infection control. Environmental services staff are directly
responsible for cleaning and disinfecting patient care areas. Their perspectives are essential
for evaluating the adequacy of environmental hygiene protocols, the effectiveness of staff
training, and workload pressures that may influence infection prevention efforts.

Hospital administrators oversee resource allocation, set institutional priorities, and
monitor policy implementation. Including their input ensures that organizational and
strategic aspects of infection control—such as funding, staffing levels, and program
support—are considered.

Finally, patients or caregivers, if included, contribute a critical service-recipient
perspective. Their experiences and perceptions provide valuable feedback on the visibility,
communication, and perceived effectiveness of infection control practices. By including
these diverse groups, the survey aims to capture a multi-faceted understanding of infection
control within healthcare institutions. This inclusive approach enhances the reliability,
relevance, and applicability of the findings, supporting the development of interventions
that are both evidence-based and grounded in the practical realities of varied healthcare
roles.

3.2.3 Sampling and Sampling Procedures

This study will employ purposive sampling to select healthcare facilities that have
implemented zinc-based fabrics as part of their infection prevention and control measures.

Purposive sampling, a non-probability technique, is appropriate because it allows for the
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intentional selection of sites with specific characteristics relevant to the research objectives.
The primary inclusion criterion is the documented use of zinc-embedded textiles within the
facility, including staff uniforms, patient bedding, curtains, or other clinical applications.

To ensure relevance and depth, the sampling process will begin with a preliminary review
of hospitals, clinics, and long-term care facilities known to have adopted zinc-based textile
technologies. Information will be obtained through a combination of industry reports,
supplier databases, academic publications, and professional networks. Facilities will be
selected to represent a range of settings (e.g., public vs. private, urban vs. rural, acute care
vs. long-term care) to capture a diversity of experiences with technology. Additional
selection factors include the duration of implementation (e.g., facilities using zinc-based
textiles for at least six months), willingness to participate in the study, and the presence of
infection control personnel available to provide detailed insights. Geographic diversity may
also be considered to enhance the generalizability of findings within the study's scope. By
strategically selecting healthcare facilities that meet these predefined criteria, purposive
sampling enables the research to focus on information-rich cases directly relevant to
evaluating zinc-based fabrics in real-world healthcare environments. To evaluate the
impact of zinc-based fabrics effectively, a comparison group of facilities using standard
fabrics will also be included. Appropriate comparison sites will be identified using a
purposive, matched sampling approach. These sites will consist of healthcare facilities or
units that have not implemented zinc-based textiles, allowing for meaningful contrasts with
intervention sites. Selection of comparison groups will be guided by similarity in key

operational and contextual factors, such as facility type (e.g., acute care, long-term care),
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size (e.g., number of beds or patient volume), geographic location, staffing structure, and
infection control protocols. Matching on these variables helps minimize confounding
influences and ensures that observed differences are more likely attributable to the use of
zinc-based fabrics rather than underlying systemic differences. Where possible, entire
facilities without antimicrobial fabrics will be selected as external comparison sites. In
cases of partial implementation—such as zinc-based textiles used only in select wards—
intra-facility comparisons may be employed. Internal comparisons provide valuable
insights by controlling institutional policies and culture, allowing a focused assessment of
the fabric’s impact within a shared operational context.

The inclusion of both intervention and comparison groups establishes a balanced
framework for evaluating differences in infection control practices, staff perceptions,
environmental hygiene, and potentially infection outcomes. This comparative design
enhances the validity of findings and supports robust conclusions regarding the
effectiveness and practical value of zinc-based fabrics in healthcare environments.

The planned sample size is between 100 and 130 responses, enabling both overall and
subgroup analysis. A minimum of 100 responses ensures meaningful data analysis for
trends, usage patterns, and perceptions of zinc-based fabrics, while providing adequate
statistical power for basic inferential techniques, such as correlations. Capping the sample
at 200 maintains manageability, allowing for subgroup comparisons across professional
roles (e.g., nurses, physicians, environmental services staff), facility types (e.g., public vs.
private), or levels of exposure to zinc-based fabrics. This sample range balances statistical

robustness with the logistical realities of healthcare research, where access to participants
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and response rates can be limited. It also mitigates risks of data oversaturation while
aligning with standards for exploratory surveys in similar settings. Therefore, setting the
sample size between 100 and 130 participants represents a strategic compromise—large
enough to support meaningful analysis, yet contained to allow for quality control, ethical
oversight, and efficient data handling within the study’s scope.

3.2.4 Procedures for Primary Data Collection

Primary data will be collected using a structured survey questionnaire administered to
the target respondents. The questionnaire is designed to capture both quantitative and
qualitative insights relevant to the adoption and perceived effectiveness of zinc-based
fabrics in healthcare settings. The survey will begin with demographic questions to
establish each respondent’s professional role, years of experience, and the type of
healthcare facility in which they work. This information will support subgroup analyses
and contextual interpretation of responses. Subsequent questions will gather data on the
usage of zinc-based fabrics, including whether such materials are currently employed and
in what forms—for example, linens, patient gowns, or staff uniforms. Respondents will be
asked to describe the frequency and extent of usage, enabling a detailed understanding of
implementation patterns. The questionnaire will also explore perceptions of effectiveness,
including whether respondents have observed any changes in the incidence of healthcare-
associated infections (HAIs) since the introduction of zinc-based fabrics. Follow-up
questions will assess which types of infections, if any, appear to have been reduced and the

perceived magnitude of these changes.
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In addition, the survey will investigate hygiene-related practices, examining whether the
introduction of antimicrobial fabrics has influenced behaviors such as hand hygiene
compliance, laundry frequency, or adherence to other infection prevention protocols.
Finally, the survey will assess overall satisfaction and acceptability of zinc-based fabrics
among staff and patients. This section will address factors such as comfort, ease of
laundering, perceived practicality, and any concerns related to cost or long-term
sustainability. Open-ended questions will allow respondents to provide qualitative insights
and recommendations, supplementing the quantitative data and enabling a mixed-methods
analysis consistent with the study’s research design. Data collection will be conducted with
adherence to ethical standards, including informed consent, voluntary participation, and
participant anonymity or pseudonymity. Multiple modes of survey administration—online
platforms, paper-based questionnaires, or in-person distribution—will be employed to
maximize response rates and accommodate the logistical realities of diverse healthcare
settings. This structured approach ensures that the data gathered are comprehensive,
reliable, and directly relevant to evaluating the impact and perceptions of zinc-based
antimicrobial fabrics across a range of healthcare facilities and professional roles.

3.2.5 Instrumentation and Operationalization of Constructs

Instrumentation and the operationalization of constructs are critical components in
designing a robust survey questionnaire, as they directly influence the validity, reliability,
and utility of research findings. Operationalization translates abstract concepts into
measurable variables that can be empirically tested, ensuring that theoretical constructs are

meaningfully linked to observable phenomena. In this study, constructs such as staff
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perceptions, satisfaction, organizational readiness, and barriers or enablers to innovation

adoption will be quantified using Likert-type scales or other validated instruments where

appropriate. This approach enhances construct validity and ensures that the survey

measures the intended concepts accurately. The development of the survey instrument

involves careful consideration of item format, scaling, sequencing, and overall

questionnaire layout. Clear, unbiased, and well-structured questions will be used to

facilitate accurate and consistent responses, thereby improving data quality. Consistency

in formatting and language simplicity will be maintained throughout the instrument to

minimize respondent confusion and ensure accessibility across diverse professional roles.

To align with best practices in survey methodology, several strategies will be implemented:

1.

Use of validated instruments: Wherever possible, existing validated scales
relevant to the study constructs will be employed. These may include measures of
infection control practices, satisfaction with healthcare interventions, and
organizational readiness or innovation adoption. For organizational readiness and
implementation barriers, constructs from CFIR-based tools (Consolidated
Framework for Implementation Research) will be incorporated, covering factors
such as leadership engagement, available resources, and innovation compatibility.
Items may be adapted for the specific context of textile-based healthcare
innovations, including procurement procedures, regulatory considerations, and
budget constraints.

Development of new items: In areas where validated instruments do not exist—

such as awareness of antimicrobial fabrics or context-specific barriers to textile
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innovation—new survey items will be developed based on literature review,
expert consultation, and theoretical grounding. These items will adhere to best
practices in scale development, emphasizing clarity, neutrality, and alignment with
defined constructs.

3. Pilot testing: A pilot survey will be conducted with a small, representative sample
of respondents (e.g., infection control nurses, clinicians, and procurement officers)
to assess clarity, comprehension, response burden, and internal consistency.
Feedback from the pilot will inform refinement of question wording, sequencing,
layout, and the functioning of Likert-type scales.

4. Translation and adaptation: For scales that require adaptation or translation,
back-translation and expert validation will be used to preserve reliability and

validity.

Through this structured approach—combining validated instruments, context-specific
adaptation, and rigorous pilot testing—the final questionnaire will be methodologically
sound and tailored to the operational realities of healthcare settings. By carefully
operationalizing constructs and designing the instrument with precision, the study ensures
that the collected data are accurate, reliable, and actionable, ultimately supporting
meaningful conclusions regarding the adoption and impact of zinc-based antimicrobial
fabrics.

3.2.6 Data Analysis Plan
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A well-structured data analysis plan is essential to ensure that the survey-based
questionnaire yields valid, reliable, and meaningful results aligned with the research
objectives. This plan provides a clear roadmap for processing, analyzing, and interpreting
the data, enhancing the overall rigor and credibility of the study.

1. Defining Objectives and Variables

The analysis process begins with a clear articulation of the research objectives and, where
appropriate, the formulation of testable hypotheses, which collectively guide all subsequent
analytical decisions. Variables captured through the questionnaire are systematically
categorized to ensure analytical clarity. Independent variables represent factors presumed
to influence key outcomes, such as professional role, years of experience, or prior exposure
to zinc-based antimicrobial fabrics. Dependent variables constitute the primary outcomes
of interest, including perceived effectiveness, user satisfaction, and likelihood of adoption.
Control variables—such as hospital type or geographic region—are incorporated to
minimize potential confounding effects and to strengthen the internal validity of the
analysis. Demographic variables, including professional designation, experience level,
facility characteristics, and location, will also be recorded; these may function not only as
descriptive indicators but also as grouping factors or covariates in further statistical

examination.

2. Data Cleaning and Preparation

Before analysis, the dataset will undergo systematic cleaning and preparation, including

handling missing data through imputation, exclusion, or sensitivity analysis, identification
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and treatment of outliers, aggregation of multi-item constructs (e.g., satisfaction, perceived

effectiveness) into composite scores, calculated as:

Tl r

=1 X
!

. ij
Composite Score; =

where X;jrepresents the response of respondent ito item jand nis the number of items in

the construct.

3. Descriptive Analysis

Descriptive statistics will be employed to summarize the dataset and examine underlying
distributional patterns. Categorical variables will be presented using frequencies and
percentages, while continuous or ordinal variables will be described through measures such
as means, medians, and standard deviations. Visualizations—including histograms, bar
charts, pie charts, and box plots will be generated to identify anomalies, assess
distributional characteristics, and support interpretive clarity. Additionally, cross-
tabulations will be conducted to explore subgroup variations, for example across different
professional roles or hospital types, thereby enabling a more nuanced understanding of

patterns within the data.

4. Inferential Analysis
Inferential statistical analyses will be conducted to examine relationships and differences
between variables in alignment with the study’s research objectives. Group comparisons

will be performed using independent-samples t-tests or Mann—Whitney U tests for two-
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group analyses, and analysis of variance (ANOVA) or Kruskal-Wallis tests for
comparisons involving more than two groups, depending on the level of measurement and
distributional assumptions. Correlational analyses, employing either Pearson’s *r* or
Spearman’s rho, will be used to assess the strength and direction of associations between
continuous or ordinal variables. These procedures collectively enable the identification of
statistically meaningful patterns within the data.

Regression analysis will be done. Logistic regression for binary outcomes (e.g., adoption

vs. non-adoption) will be done as -
p
log (m) = Po + B1X1 + B Xy + o + BrXi

Linear regression for continuous outcomes (e.g., composite perceived effectiveness
score) will be done as -

Y = Bo+ B1Xs + B2 Xy + -+ BiXy + €
These analyses allow identification of factors that significantly influence adoption and

perceptions of zinc-based antimicrobial fabrics while controlling for covariates.

5. Software and Practical Considerations

Microsoft Excel will be the primary software for data entry, cleaning, descriptive analysis,
and visualization. Excel is suitable due to its flexibility, accessibility, and functionality for
small-to-medium scale survey research. Key analytical capabilities include structured
tabular data entry and systematic coding for diverse question types, such as Likert scales,
multiple-choice items, and open-ended responses. In addition, it enables basic statistical

calculations, the creation of PivotTables, cross-tabulations, and a range of graphical outputs,
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as relevant and applicable. These visualization tools facilitate the identification of trends
and support clear and effective communication of the study’s findings. For advanced
analyses also (e.g., regression with multiple predictors), Excel can be used for manual

computation purposes.

6. Reporting Plan

Results will be presented in well-organized tables and visualizations, with clear
interpretation aligned with research objectives. Descriptive statistics provide insight into
“what is happening” (e.g., knowledge, perceptions, reported practices), while inferential

13

statistics address “why” and “how” patterns emerge. This dual approach ensures that
findings are both representative and actionable, supporting evidence-based

recommendations for policy and implementation in healthcare settings.

3.2.7 Threats to Validity

Survey-based research is subject to various validity threats that can compromise the
trustworthiness of findings. This section outlines key validity types and mitigation
strategies. Several potential threats to validity may arise in a survey examining the use of
zinc-based fabrics in healthcare settings. Response bias is a notable concern, as
participants—particularly those in institutional environments—may provide socially
desirable responses rather than accurate reflections of practice or perception. Sampling
bias may also occur when purposive or convenience sampling strategies yield facilities or

individuals that differ systematically from non-adopters, thereby limiting the
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generalizability of the findings; additionally, self-selection bias may emerge if individuals
with strong views are disproportionately likely to participate. Recall bias represents
another potential limitation, as respondents may inaccurately report past infection rates,
hygiene practices, or experiences with fabric performance. Instrument bias may be
introduced through poorly designed, ambiguous, or insufficiently validated survey items,
which can lead to misinterpretation and measurement error. Finally, confounding factors,
such as simultaneous implementation of other infection-control measures—including
enhanced cleaning protocols or hand hygiene campaigns—may influence observed
outcomes, complicating efforts to attribute effects solely to the use of zinc-based
antimicrobial fabrics. Mitigation involves careful survey design, pilot testing, and clear
instructions to respondents.

1. External Validity

External validity concerns the extent to which study findings can be generalized beyond
the immediate sample. Several factors may threaten this form of validity, including the use
of non-representative samples—such as those characterized by homogeneity or limited
size—and low response rates that introduce nonresponse bias. Context-specific influences,
such as geographic location, institutional culture, or data collection occurring during or
after infectious disease outbreaks, may further constrain generalizability. To mitigate these
threats, the study will employ random sampling where feasible, articulate the target
population with precision, and ensure the inclusion of diverse participants across
professional roles, facility types, and geographic regions. These strategies collectively

enhance the potential for findings to be extrapolated to the broader healthcare community.
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2. Internal Validity
Internal validity concerns the extent to which observed outcomes can be attributed to the
variables under investigation. Several threats may compromise this validity, including the
presence of confounding variables arising from other simultaneous interventions that
influence outcomes, as well as temporal ambiguity inherent in cross-sectional survey
designs, which limits the ability to establish causal relationships. Additional risks include
respondent fatigue or inattentiveness, which may occur when surveys are lengthy or poorly
structured, thereby reducing the reliability of responses, and social desirability bias,
wherein participants provide favorable rather than accurate answers. Mitigation strategies
include the use of clear, concise, and logically ordered questions, the incorporation of
validated scales where available, and the embedding of attention-check items to ensure
response quality. Ensuring anonymity and confidentiality, along with maintaining a
concise survey format, further helps to minimize respondent burden and enhance internal
validity.
Quantitative relationships can be expressed via regression equations, e.g.,

Y =B+ B X1+ + PrXy + €
where Y is the outcome (e.g., perceived effectiveness), X; are predictors (e.g., role,

experience), and €is the error term.

3. Construct Validity

Construct validity pertains to the extent to which survey items accurately measure the

theoretical constructs they are intended to represent. Threats to construct validity may arise
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from poorly defined constructs, the use of ambiguous or double-barreled questions, and
misalignment between survey items and their underlying theoretical definitions. To
mitigate these risks, the study will employ validated measurement scales whenever
available, and any newly developed items will be grounded in established literature and
theoretical frameworks. Additionally, pilot testing of the survey instrument will be
conducted to identify and correct ambiguities, ensuring that all items are clearly and
consistently aligned with the constructs they aim to assess.

4. Ethical Validity

Ethical validity is essential to ensure that a study respects participants’ rights and adheres
to established research ethics. Key aspects include informed consent, whereby participants
are fully informed about the study and can withdraw at any time; confidentiality and
anonymity, which require that data be de-identified and securely stored; and Institutional
Review Board (IRB) approval, which is necessary when the research involves identifiable
private information, sensitive topics, or aims to produce generalizable results. The survey
will include a consent form, collect data anonymously or pseudonymously, and provide
contact information for questions. These measures uphold ethical standards and ensure

participant trust.

3.3. Methodology for RQ2
3.3.1 Research Design and Rationale
Implementing antimicrobial fabric products (such as zinc-based linens, gowns, curtains,

and uniforms) in hospitals—particularly within the Indian public health system—offers
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significant potential to reduce healthcare-associated infections (HAIs). However, adoption
at scale will likely face several systemic, logistical, financial, and behavioral challenges.
The research design for this is Qualitative Survey. Qualitative surveys provides rich,
detailed insights that cannot be captured by quantitative surveys alone. It helps identify
unexpected issues (e.g., staff perceptions, workflow challenges). Such surveys Supports
decision-making for hospital administrators, infection control teams, and manufacturers.
Qualitative research-based survey aims to explore and understand human experiences,
perceptions, beliefs, and behaviors in depth. In the context of antimicrobial fabrics in

hospitals the goal is to capture the following:

1. Perceptions of effectiveness— How healthcare workers perceive antimicrobial fabrics’
ability to reduce microbial contamination or prevent infections.

2. Usage practices — How these fabrics are integrated into clinical workflows (e.g., scrubs,
gowns, bedding).

3. Barriers and facilitators — Factors that encourage or prevent proper use, such as comfort,
cost, hospital policies, or skepticism about antimicrobial claims.

4. Safety and environmental concerns — Awareness of potential chemical exposure,
environmental impact, or durability issues.

5. Information needs— What evidence or education would improve confidence in using

these fabrics.
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A qualitative methodology for studying antimicrobial fabrics in hospitals typically involves
open-ended data collection (survey, interviews, or focus groups) and thematic analysis.
In qualitative research, “variables” are conceptual categories that you want to explore. For

antimicrobial fabrics, you can define key domains and sub-variables, as shown in Table 1.

Table 1: Theme descriptions of end-user perceptions for the qualitative analysis of the
survey

Diomain f Theme Poszible Variables / Codes Example Survey Questions

Perceived Effectivenass - Belief in bacteria reduction “How effective do you think antimicrokbial
- Belief in infection contro fabrics are at reducing infaction risk or
— Odor reduction perczption contamination?”

Experience / Usage - Types of fabrics usad “Describe your experiences using
- Frequency of use antimicrobial fabrics in your department.”

- Situations of use

Safety / Comfort - Skin irritation / allergic reactions “Hawe you experienced any discomfort or
- Comfort | taxture izzsues with these fabrics?”

— Longevity / durability

Barriers / Facilitators — Cost / gvailability “What factors make it easzier or harder to
— Workflow integration use antimicrobial fabrics?”
— Laundry / maintznance challenges

- Organizational policies

Trust / Information Needs = Truzt in lzbeling / claims “What information would increase your
- Evidence-based reguirsments confidence in using these fabrics™

- Training / knowledge gaps

Behawvioral / Organizational - Peerinflusnce “How do hospital policies or peers affiect
Factors - Diepartmental normis your use of antimicrobial fabrics?

- Palicy compliance

Recommendations [ — Product improvements “What suggestions would you maks to
Suggestions - Pulicy changes improve the use of antimicrobizal fabrics in
- Training / education nesds hospitals?”

Source: Based on Yap et al. (2023), author made.
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3.3.2 Methodology for RQ2

3.3.2.1 Population

The population for this study comprises key stakeholders within the Indian public
healthcare system who are directly or indirectly involved in the selection, use, management,
and policy formulation of antimicrobial textile products, such as zinc-based fabrics. These
stakeholders play a pivotal role in decisions that determine the adoption, implementation,
and evaluation of such innovations in healthcare settings. Their insights are critical to
understanding both operational and strategic factors that influence successful integration
of antimicrobial fabrics.

The study will engage a diverse range of stakeholders across multiple levels of the
healthcare ecosystem to ensure a comprehensive assessment of antimicrobial fabrics.
Healthcare providers, including physicians, ward in-charges, and other clinical staff,
represent the primary users of these fabrics and can provide valuable insights regarding
their functionality, comfort, and clinical effectiveness. Infection control nurses and officers,
who are responsible for maintaining hygiene standards and implementing infection
prevention protocols, can evaluate the practical impact of zinc-based fabrics in reducing
healthcare-associated infections (HAIs). Hospital administrators and procurement officers
contribute perspectives on cost-effectiveness, feasibility, and logistical considerations,
offering guidance on institutional readiness and financial viability. Government health
officials at both state and national levels can clarify regulatory pathways, funding
mechanisms, and standardization processes relevant to large-scale adoption. Additionally,

medical textile suppliers, manufacturers, and startups provide market-oriented insights,
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including production capacity, pricing structures, innovation potential, and supply chain
considerations. Finally, linen and laundry service supervisors, where relevant, offer
practical knowledge related to the handling and maintenance of hospital textiles, ensuring
that operational considerations are addressed.

Secondary respondent groups will include support staff, laundry service providers, and
potential funders involved in public-private partnerships or innovation funding programs.
Their perspectives will highlight practical barriers, training gaps, infrastructural limitations,
and opportunities for scalable implementation. By engaging this comprehensive and
representative cross-section of stakeholders, the study aims to capture a 360-degree view
of the enablers and barriers to implementing antimicrobial fabrics in India’s public
healthcare system. This approach ensures findings are grounded in practical realities while
informing strategic and policy-level recommendations to support sustainable, large-scale
adoption.

3.3.2.2 Sampling and Sampling Procedures

This study will employ purposive sampling, which is appropriate for research aiming to
gather detailed insights from individuals with specific expertise relevant to the study topic.
The focus is on stakeholders involved in the selection, use, and management of zinc-based
antimicrobial fabrics within the Indian public healthcare system. Purposive sampling
ensures the selection of information-rich respondents who can provide contextually
grounded perspectives on hospital textile management, infection control, procurement, and

relevant policy and operational practices.
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To enhance representativeness and depth, stratified purposive sampling will be employed

across three key dimensions:

1. Healthcare facility level: Primary, secondary, and tertiary institutions, reflecting
differences in resources, infrastructure, and textile usage practices.

2. Geographical diversity: Respondents will be selected from five major regions of
India—North, South, East, West, and Central—to account for regional variation in
healthcare delivery, procurement, and administrative practices.

3. Hospital ownership type: State-run hospitals, centrally managed institutions, and
autonomous bodies such as AIIMS, which differ in governance, funding mechanisms,

and policy execution.

The planned sample size aligns with the study’s research purpose well.

Hospital administrators and procurement officers: 20-30 participants, to understand
institutional decision-making and purchasing behavior.

The study will include a targeted sample of stakeholders to capture diverse perspectives on
antimicrobial fabrics. Infection control nurses and officers, numbering approximately 20
to 25 participants, will be included due to their critical role in implementing and monitoring
infection prevention protocols. Doctors and clinical staff, such as ward in-charges, will
comprise 30 to 40 participants, providing insights into the practical use and effectiveness
of antimicrobial fabrics in clinical settings. Government health officials at both state and

national levels, approximately 10 to 15 participants, will offer perspectives on policy
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direction and resource allocation. Medical textile suppliers and startups, with an estimated
5 to 10 participants, will contribute knowledge regarding production capacity, pricing, and
innovation trends. Finally, linen and laundry service supervisors, where relevant, will
include around 10 to 15 participants to provide an understanding of operational
considerations related to the handling and maintenance of antimicrobial fabrics. In total,
the study aims to collect approximately 100—130 responses, which is expected to allow
meaningful subgroup analysis and achieve thematic saturation in qualitative data. The final
sample size may be adjusted depending on practical constraints, such as respondent
availability, institutional permissions, and qualitative saturation. This flexible, targeted
sampling strategy ensures the study captures a diverse and representative cross-section of
stakeholders, enhancing the relevance, validity, and applicability of the findings for
understanding barriers, enablers, and scalable adoption of antimicrobial textile solutions in
India’s public healthcare system.

3.3.2.3 Procedures for Primary Data Collection

A semi-structured survey questionnaire will be developed to collect qualitative insights.
This format approach combines closed-ended questions (e.g., Likert-scale items, multiple-
choice questions) with open-ended questions, enabling respondents to elaborate on
experiences, opinions, and contextual understanding. This design ensures a comprehensive
view of the current landscape, perceptions, challenges, and opportunities regarding the
adoption of zinc-based antimicrobial fabrics in public healthcare settings.

The questionnaire will be organized into 4 broad sections as follows:
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A. Demographics and Professional Background: Collects information on respondents’
roles, years of experience, hospital type (primary, secondary, tertiary), and
geographical location. This data supports subgroup analysis and contextual
interpretation of responses.

B. Awareness and Knowledge: Assesses familiarity with antimicrobial textiles, their
usage in institutions, and perceived effectiveness in infection prevention. This
identifies knowledge gaps and institutional exposure patterns.

C. Barriers and Enablers to Adoption: Explores challenges such as high costs,
procurement or supply chain hurdles, regulatory uncertainties, laundering difficulties,
and institutional resistance. Understanding these barriers informs feasible
implementation strategies. Examines facilitating factors such as supportive policies,
evidence of infection control benefits, leadership support, and staff acceptance. This
highlights conditions conducive to successful integration.

D. Perceived Impact and Recommendations for Scale up: Captures observed or
expected outcomes, including reductions in healthcare-associated infections (HAIs),
changes in hygiene practices, and feedback on comfort, usability, and safety of zinc-
based fabrics.

Gathers suggestions for policies, procurement models, training, and capacity-building
to support broader adoption. These insights directly inform strategic and policy-level

recommendations.
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To ensure broad participation and enhance data diversity, the study will employ a multi-
modal data collection strategy. The primary method will consist of online surveys, which
enable rapid distribution and facilitate participation across geographically dispersed
locations. For individuals with limited internet access or lower levels of digital literacy,
alternative modes such as telephonic or in-person interviews will be utilized to promote
inclusivity. Additionally, selective field visits to healthcare facilities will be conducted to
obtain on-site observations and generate supplementary qualitative insights that enrich the
overall analysis.

The data collection period is expected to span 2—4 weeks, allowing flexibility for follow-
ups, clarification, or additional interviews to achieve qualitative saturation. The qualitative
component of this study is designed to explore healthcare professionals’ (HCPs) and
hospital staff’s perceptions, experiences, and attitudes toward the use of antimicrobial
fabrics in healthcare settings. Given that such fabrics are increasingly incorporated into
uniforms, linens, and personal protective equipment (PPE) as part of infection prevention
strategies, it is essential to understand the experiential and contextual factors influencing
their acceptance and use. Qualitative data will be collected primarily through open-ended
questions integrated into a structured survey instrument distributed to hospital staff across
various departments. The open-ended items aimed to capture participants’ subjective views
regarding the perceived benefits, challenges, and safety of antimicrobial fabrics.

Representative prompts will include:

a. Describe your experience with antimicrobial uniforms, linens, or protective wear in
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your work setting.

b. In your opinion, what are the main advantages of antimicrobial fabrics in healthcare
environments?

c. What concerns or challenges have you encountered when using antimicrobial
textiles?

d. What factors would influence your willingness to adopt or recommend

antimicrobial fabrics within your department?

In addition to the survey, semi-structured interviews will be conducted with selected key
informants, including infection control nurses, procurement officers, and department heads.
These interviews will seek to elicit deeper insights into institutional decision-making
processes, perceptions of product efficacy, and policy-level considerations influencing
fabric adoption. Each interview will last for approximately 10—15 minutes and will be
conducted either in person or via telecommunication platforms, depending on participant
availability. In some instances, focus group discussions will be organized with small
groups of nurses and ward staff to facilitate interaction and capture collective viewpoints
related to daily use, comfort, and practical challenges associated with antimicrobial
uniforms and linens. All discussions and interviews will be minuted verbatim for analysis.
This study data processing plan ensures inclusivity, reaching stakeholders across diverse
geographical regions, facility types, and administrative levels. This approach captures both
measurable trends and deeper contextual insights, generating a comprehensive

understanding of factors influencing the adoption, acceptance, and sustained use of
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zinc-based antimicrobial fabrics in India’s public healthcare system. The methodology
is designed to produce findings that are evidence-based, contextually grounded, and
actionable for scaling innovation adoption.

3.3.2.4 Instrumentation and Operationalization of Constructs

The primary research instrument for this study is a semi-structured survey questionnaire,
designed to collect data from diverse stakeholders within the Indian public healthcare
system. Its development was informed by a comprehensive review of literature on
antimicrobial textiles, healthcare-associated infections (HAIs), innovation adoption, and
implementation science frameworks, including the Consolidated Framework for
Implementation Research (CFIR). This ensures that the instrument is both evidence-
based and practically relevant. The questionnaire will be organized into following well-

defined sections, each addressing a specific area of inquiry:

A. Background Information: Captures respondents’ background information, roles,
years of experience, hospital type (primary, secondary, tertiary), and geographic
location. This enables subgroup analysis and contextual interpretation of responses.

B. Awareness and General Perception: Assesses familiarity with antimicrobial fabrics,
their usage in respondents’ institutions, and perceived effectiveness. This section
identifies knowledge gaps and institutional exposure patterns.

C. Stakeholder Experience: Explores barriers like challenges such as procurement costs,
training gaps, regulatory hurdles, laundering or maintenance issues, and staff resistance.

It also examines enablers like facilitating factors, including demonstrated infection

109



control benefits, leadership support, and availability of local suppliers, government
incentives, staff acceptance, and training programs. For this purpose, specific
stakeholders Doctors / Nurses / OT Specialists, Laundry workers, Administrators and
Managers, Patients and Community Members will be included.

D. Overall Feedback: Collects all stakeholders-driven suggestions on policy, funding,
procurement, scaling-up of manufacturing activities, training, and public-private
partnership opportunities for broader adoption. Also the satisfaction scores, important
benefit of antimicrobial fabrics and any open suggestions for improvement will be also

taken in consideration.

To ensure robust and nuanced data collection, the questionnaire combines closed-ended
and open-ended items. Closed-ended questions—including Likert-scale items, yes/no
questions, and multiple-choice formats—allows for comprehensive data analysis, while
open-ended questions capture qualitative insights such as personal experiences,
institutional challenges, and context-specific suggestions. A pilot test will be conducted
with a small group of about 25 respondents to evaluate clarity, logical flow, and reliability,
and feedback from this process will be incorporated to refine the instrument.

The study operationalizes five key constructs:

1. Awareness of Antimicrobial Fabrics: Measures familiarity with these materials,

ability to identify examples (e.g., zinc oxide or silver-coated fabrics), and awareness of

institutional use. Indicators are measured through multiple-choice and yes/no/not sure
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questions.

2. Perceived Barriers to Adoption: Captures factors hindering implementation,
including high costs, lack of training, inflexible procurement procedures, regulatory
uncertainties, durability concerns, and staff resistance. Responses are collected via a 5-
point Likert scale, ranging from "Strongly Disagree" to "Strongly Agree."

3. Perceived Enablers of Adoption: Assesses factors facilitating integration, such as
infection control effectiveness, leadership support, availability of suppliers, policy
incentives, staff feedback, and training programs. Measured using a 5-point Likert scale
or similar tools.

4. Perceived Impact on Infection Control: Evaluates respondents’ perceptions of the
effectiveness of antimicrobial fabrics in reducing HAIs, satisfaction with product
performance, and improvements in patient safety. Measured via a 5-point Likert scale
or open-ended qualitative anchors (e.g., "Not effective" to "Very effective").

5. Recommendations for Scaling Up Adoption: Collects detailed, stakeholder-driven
suggestions for improving implementation at scale, including funding strategies, policy
reforms, training needs, procurement modifications, and opportunities for public-

private partnerships. Primarily assessed through open-ended qualitative questions.

This systematic and theory-informed design ensures the instrument captures rich
qualitative insights, enabling a comprehensive understanding of the barriers, enablers,
perceived impacts, and strategic pathways for large-scale adoption of zinc-based

antimicrobial fabrics in India’s public healthcare system.
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3.3.3 Data Analysis Plan

The qualitative data processing followed a systematic and iterative procedure consistent
with the principles of thematic analysis. Survey responses will be first reviewed for
completeness and relevance. Incomplete, incoherent, or off-topic responses will be
excluded. All identifying information, including participant names, wards, or hospital
identifiers will be anonymized to ensure confidentiality. Transcripts of interviews and
focus group discussions will be carefully checked for accuracy and fidelity to participants’
intended meanings. A manual coding approach will be employed, supported by qualitative
data analysis software Excel. Each transcript and open-ended survey response will be read
multiple times to identify meaningful segments of text representing discrete ideas or
perceptions. These text segments will then be assigned codes—concise labels capturing the
essence of participants’ statements.

Examples of initial codes included comfort issues, doubt in efficacy, perceived hygiene

benefits, skin irritation, lack of awareness, and cost concerns.

3.3.3.1 Thematic Development

The coded data will be synthesized into a set of overarching themes that reflected the key
dimensions of participants’ experiences and perceptions. Six primary themes will be
considered:

1. Perceived Effectiveness — Participants’ beliefs about whether antimicrobial fabrics

provide tangible infection control or odor-reduction benefits.
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2. Comfort and Practicality— Views related to breathability, flexibility, and suitability for
long shifts in clinical environments.

3. Safety Concerns — Reports of skin reactions or uncertainties regarding chemical
treatments used in antimicrobial textiles.

4. Awareness and Training— The extent of understanding and information provided to staff
regarding antimicrobial materials and their proper maintenance.

5. Institutional Support— Organizational policies, procurement practices, and perceived
administrative commitment to adopting such innovations.

6. Cost and Sustainability— Considerations of economic feasibility and environmental
implications of antimicrobial fabric use.

The aim of the data analysis is to identify key barriers and enablers to the
implementation of antimicrobial fabric products, observe patterns in awareness,
perceptions, and usage across stakeholder groups, and extract stakeholder-driven
recommendations for scaling up adoption in India’s public healthcare system. The study
will integrate all data collected via the semi-structured survey to provide a comprehensive
understanding of the implementation environment.

3.3.3.2 Data Preparation and Cleaning

Survey responses will be processed using Microsoft Excel. Basic cleaning steps will
include removing incomplete or duplicate responses and handling missing values through
appropriate inputation or exclusion. Proper preparation ensures accuracy, consistency,

and readiness for statistical and thematic analysis.
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1. Qualitative Analysis
Open-ended survey responses will be analyzed using thematic analysis following Braun

and Clarke’s six-phase approach (2006):

1. Familiarization: Repeated reading of responses to understand content and context.

2. Generating initial codes: Systematically labeling meaningful segments, capturing
both semantic and latent meanings.

3. Searching for themes: Organizing codes into broader patterns relevant to barriers,
enablers, and scale-up.

4. Reviewing themes: Refining and validating themes against the dataset for
coherence and distinction.

5. Defining and naming themes: Developing clear definitions and illustrative
examples for each theme.

6. Producing the report: Integrating themes into a coherent narrative with supporting

quotes.

2. Integration and Interpretation of Qualitative Data

The thematic analysis will reveal both positive and critical perspectives. Many participants
may acknowledge the odor-control and perceived hygiene benefits of antimicrobial fabrics,
yet skepticism may persist regarding their actual antimicrobial efficacy. Comfort and
thermal properties may be frequently cited as limitations, particularly in high-temperature

working conditions. Moreover, respondents may emphasize a lack of formal training or
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information dissemination regarding fabric care and safety, leading to uncertainty and
inconsistent usage practices. Institutional and economic factors, including cost differentials
and limited procurement options, may come up as significant barriers to adoption. Findings
will be presented thematically, supported by illustrative quotations that exemplify key
patterns across the dataset. Participant identifiers will be anonymized (e.g., Nurse, Surgical
Ward; Technician, ICU). The narrative synthesis will be complemented by descriptive
summaries linking emergent themes to existing literature on infection control textiles and
occupational health in hospital settings

3. Presentation of Findings

The Qualitative data: Thematic maps, matrices, and illustrative quotes to convey
contextual insights. The Integrated results will include Findings on barriers, enablers, and
recommendations will be triangulated to provide a comprehensive picture for policy and
implementation strategies. This structured data analysis plan ensures methodological
rigor, contextual depth, and practical relevance in understanding the adoption of zinc-

based antimicrobial fabrics within India’s public healthcare system.

3.3.4 Qualitative Data Analysis and Trustworthiness

The qualitative data that will be obtained from open-ended survey responses, semi-
structured interviews, and focus group discussions will be analyzed using thematic analysis,
following Braun and Clarke’s (2006) six-phase approach. The analytical process will
involve data familiarization, generation of initial codes, identification and review of themes,

and synthesis into an interpretative narrative. To ensure the rigour and trustworthiness of
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the qualitative findings, the criteria of credibility, transferability, dependability, and
confirmability (Lincoln & Guba, 1985) will be systematically applied throughout the
research process.

1. Credibility

Credibility will refer to the accuracy and truthfulness of the findings as perceived by the
participants and readers. To enhance credibility, several strategies will be implemented:
Prolonged engagement and triangulation. Data will be collected from multiple groups of
healthcare professionals (nurses, doctors, infection control staff, and administrative
personnel) through both surveys and interviews, allowing triangulation across roles and
data sources. All interviews and discussions will be transcribed verbatim to preserve the
authenticity and nuance of participants’ accounts. These measures will collectively
increase the likelihood that the findings authentically represent participants’ views
regarding the use of antimicrobial fabrics in clinical settings.

2. Transferability

Transferability will concern the extent to which the findings can be applied or adapted to
other contexts. While qualitative research will not seek statistical generalization, thick
description will be employed to provide sufficient contextual detail about participants,
settings, and organizational conditions. Detailed demographic information (e.g.,
professional roles, years of service, departmental context) and institutional characteristics
will be presented to allow readers to assess the applicability of findings to comparable
hospital environments. Quotations illustrating diverse viewpoints will also be included to

demonstrate the range of experiences across different healthcare roles. By providing rich
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contextual data, this study will enable readers and practitioners to make informed
judgments regarding the transferability of findings to other healthcare institutions
considering antimicrobial fabric adoption.

3. Dependability

Dependability in qualitative research will refer to the stability, consistency, and reliability
of the research process and findings over time. In this study, dependability will be ensured
through several methodological strategies that will contribute to a transparent, systematic,
and replicable analytic process. Documentation of the research design and procedures will
be provided in the methodology section. This will include explicit descriptions of
participant recruitment, data collection procedures, the structure of the interview and
survey instruments, and the steps followed during thematic analysis. By offering detailed
methodological descriptions, other researchers will be able to understand, evaluate, and
potentially replicate the procedures used in the study. Then a consistent implementation of
data collection protocols will be prioritized. All interviews will follow the same semi-
structured interview guide, and the same open-ended questions will be administered
uniformly across surveys. This consistency will help ensure that variations in responses are
attributable to participants’ perspectives rather than inconsistencies in the data collection
process. Also, a structured and iterative coding process will be followed. Thematic analysis
will proceed through clearly defined phases, including open coding, category development,
and theme refinement. These reflexive considerations will help maintain openness to
alternative interpretations and reduce the likelihood of unintentional researcher influence

on the consistency of the findings. Together, these strategies will ensure that the study
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maintains a high degree of dependability. By applying standardized procedures, peer input,
and reflexive engagement, the research process will remain stable, systematic, and
transparent, thereby strengthening the reliability and trustworthiness of the qualitative
findings. These procedures will ensure that the analytical process remains systematic,
traceable, and replicable.

4. Confirmability

Confirmability will address the degree to which findings are shaped by participants’
responses rather than researcher bias or predispositions. To enhance confirmability, several

measures will be implemented:

a. Reflexive journaling: The primary researcher will maintain a reflexive log to
document assumptions, decisions, and reflections throughout the research process.

b. Data audit: All raw data (transcripts, survey responses, coding matrices) and
analytic memos will be securely stored.

c. Use of direct quotations: Participant quotations will be integrated into the
presentation of findings to substantiate interpretations and demonstrate the link

between evidence and conclusions.

By maintaining transparency in data management and interpretation, confirmability of the
findings will be reinforced. In summary, collectively, these strategies will ensure that the
qualitative analysis of healthcare professionals’ perceptions of antimicrobial fabrics will

be credible, transferable, dependable, and confirmable. Through rigorous analytical
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procedures and adherence to principles of methodological transparency, the study will
produce trustworthy insights into the experiential, institutional, and perceptual dimensions

of antimicrobial textile use within hospital environments.

3.3.5 Ethical Procedures

Ethical integrity is fundamental to the study’s validity, particularly within hierarchical
public healthcare settings where power dynamics may shape how participants respond.
Potential risks include the absence of genuine informed consent, which may compromise
participant autonomy; breaches of confidentiality, especially for junior staff or those
occupying sensitive roles; and the influence of hierarchical pressures that may prompt
socially desirable or constrained responses. To mitigate these concerns, the study will
employ several safeguards. Participants will receive a clear and concise informed consent
form outlining the study’s purpose, the voluntary nature of participation, and the intended
use of the data. Full anonymity and confidentiality will be maintained, with identifiable
information collected only when necessary and stored securely. Additionally, participation
will be explicitly framed as voluntary and free from coercion, with assurances that
responses will not affect employment status, performance evaluations, or professional

standing.

3.4 Chapter Summary and Transition

The review of available evidence indicates that zinc-based antimicrobial fabrics have

significant potential to reduce microbial contamination on hospital textiles. Laboratory
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studies consistently demonstrate their efficacy in lowering microbial loads, and preliminary
intervention studies suggest they may contribute to reductions in hospital-acquired
infection (HAI) rates. However, in the Indian context, the adoption of these fabrics remains
limited, and empirical evidence from real-world hospital settings is still scarce. Concerns
regarding cost, durability, laundering practices, environmental safety, and large-scale
feasibility continue to constrain their wider use. Despite these challenges, integrating zinc-
based antimicrobial fabrics into hospital infection control strategies could substantially
enhance patient safety, particularly in high-risk units such as intensive care wards or areas
with a high prevalence of multidrug-resistant organisms. Realizing this potential requires
addressing cost and procurement barriers, aligning interventions with national infection
prevention priorities, and facilitating adoption through public-private partnerships, policy
incentives, and targeted training programs. In summary, zinc-based antimicrobial textiles
represent an innovative yet under-explored avenue for infection prevention in India’s
healthcare system. To build a robust evidence base, further research is needed to evaluate
their effectiveness, cost-benefit implications, and acceptance by healthcare workers and
patients. The next chapter presents the methodological approach adopted in this study,
detailing the research design, data collection methods, and analytical strategies employed
to examine both the impact of zinc-based antimicrobial fabrics on HAIs and the barriers
and enablers to their adoption at scale in Indian hospitals. Looking ahead, Chapter 4 reports
the study results, providing empirical evidence to evaluate the hypotheses, validate the

conceptual framework, and address the research questions formulated in this study.
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CHAPTER IV:
RESULTS

4.1 Introduction

In India, a recognized global hotspot for Antimicrobial Resistance (AMR), the deployment
of antimicrobial fabrics constitutes a critical strategic intervention within high-risk clinical
environments. Hospital textiles, including bed linens, privacy curtains, and staff uniforms,
serve as "hidden" reservoirs for various multidrug-resistant organisms, such as methicillin-
resistant Staphylococcus aureus and carbapenem-resistant Enterobacteriaceae. The
resulting Hospital-Acquired Infections (HAIs) impose an immense financial and
physiological burden, frequently leading to prolonged hospital stays and catastrophic out-
of-pocket expenses for patients. The integration of zinc-based antimicrobial textiles into
this landscape represents a pivotal sociotechnical advancement, offering a continuous, self-
disinfecting surface that actively reduces microbial loads through the controlled release of
zinc ions. These ions effectively disrupt the cellular membranes and metabolic pathways
of pathogens, providing a persistent biocidal barrier that is essential in high-density medical

settings.

Unlike traditional chemical finishes that may leach into the environment or lose efficacy
over repeated industrial laundering, advanced zinc-ion technology is typically embedded
within the fiber’s weaving matrix. This structural integration ensures sustained
antimicrobial performance even under the rigorous thermal and chemical stresses

characteristic of Indian hospital laundry protocols. However, the clinical utility of this
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technology is profoundly mediated by the cognitive awareness of healthcare practitioners,
research indicates that the perceived efficacy of these fabrics is inextricably linked to the
staff’s understanding of their functional properties. When healthcare workers are cognizant
of the protective barrier provided by these textiles, it fosters a synergistic relationship
between the material's biocidal action and improved manual hygiene compliance,

effectively creating a “halo effect” of safety within the clinical ward.

Furthermore, the implementation of these textiles addresses critical issues of health equity
and environmental stewardship within the broader healthcare ecosystem. By deploying
durable, self-cleaning textiles in resource-constrained facilities, the system can provide a
standardized level of infection protection that democratizes patient safety, regardless of
institutional tier. This transition also mitigates environmental selection pressure for
resistance by preventing the discharge of biocidal agents into municipal water systems.
Ultimately, the success of zinc-based antimicrobial fabrics extends beyond pathogen
reduction to serve as a catalyst for institutional reform. Achieving widespread adoption
necessitates addressing the "nursing gap" by ensuring that materials are not only clinically
effective but also meet the ergonomic and thermal comfort requirements of frontline
workers in tropical climates. As the healthcare infrastructure aligns with the National
Action Plan on Antimicrobial Resistance, these advanced textiles emerge as a foundational

pillar for a more resilient, equitable, and sterile clinical environment.

4.2 Treatment of the Missing Data
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In any research endeavor, encountering missing data is not uncommon, and addressing this

issue effectively is crucial to maintaining the integrity and validity of the findings.

In the context of this survey, there was no missing data because the interview for response
to survey questions was done via a personal meeting with the respondent on a one-to-one
basis. Also, a pilot run of the survey was done in 25 persons before the actual research
survey was administered in 130 persons. The pilot survey process went smooth with respect
to comprehension of the survey questions data capture ensures no questions are skipped in

all the mandatory fields of the survey questionnaire.

4.3 Results for Research Question 1 (Quantitative)

RQ1: What is the impact of zinc-based antimicrobial fabrics on reducing hospital-acquired

infections (HAIs) in Indian healthcare facilities?

Hy: There is no significant difference in the mean reduction of HAIs using antimicrobial

fabrics between rural and urban hospital settings.

Hj: There is a significant difference in the mean reduction of HAIs using antimicrobial

fabrics between rural and urban hospital settings.

4.3.1 Descriptive Overview

Research Question 1 (RQ1) investigated the impact of zinc-based antimicrobial fabrics on

the reduction of Hospital-Acquired Infections (HAIs). The descriptive statistics provide a
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foundational overview of how healthcare practitioners perceive the efficacy, safety, and

operational integration of this technology within the clinical environment.

1. Central Tendency and Dispersion of Clinical Performance

As can be seen in Table 2, to quantify the perceived effectiveness of the antimicrobial
textiles, mean scores were calculated across four primary performance dimensions. These
metrics reflect the collective judgment of the surveyed medical staff on a 5-point Likert

scale (1 = Very Low, 5 = Very High).

Table 2: Descriptive Statistics for Clinical Performance Indicators (RQ1)

Performance Mean  Std. Clinical Interpretation
Indicator M) Dev
)
Perceived HAI 4.62 0.51 High Clinical Trust in Biocidal Efficacy.
Reduction
Material Safety/Skin | 4.38 0.64  Validates The Biocompatibility of Zinc lons.
Tolerance

Workflow Ease Of 3.21 0.89 Moderate- Indicates Systemic Friction in

Use Use.
Ergonomic 2.15 1.02 Low-Highlights The "Nursing Gap."
Compliance

Source: Author’s data generated in the survey

The high mean score for Perceived HAI Reduction (4.62) indicates a strong professional
consensus regarding the fabric's ability to mitigate pathogen transmission. However, the

high standard deviation and positive skewness for Ergonomic Compliance (2.15) reveal
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a significant "pain point" where a majority of staff find the current textile weight and

breathability insufficient for high-density, tropical clinical wards.

The Inferential Foundation of this study is anchored in the Awareness-Efficacy
Correlation, which suggests that the descriptive power of the research is significantly
amplified by the observed relationship between practitioner knowledge and clinical
outcomes. This statistical alignment indicates that "Knowledge is a Catalyst" for
technology performance, as the material’s biocidal properties do not operate in a social
vacuum, rather, their perceived and practical success is mediated by the depth of staff
awareness. Quantitatively, this correlation is evidenced by the trend where higher levels of
technological literacy among healthcare workers correspond to a more consistent reporting
of reduced infection rates. This implies that awareness functions as a cognitive prerequisite
for effective implementation, ensuring that the introduction of antimicrobial textiles is
supported by the necessary behavioral and hygiene compliance. Consequently, the data
suggests that the clinical efficacy of zinc-based textiles is not merely a material attribute
but a synthesized result of antimicrobial persistence and the informed engagement of the

medical workforce.

The analysis of Awareness Levels (Q4) provides a critical baseline for the study, as the
frequency distribution reveals that a substantial majority of participants possessed a high
level of preliminary awareness regarding the antimicrobial properties of the fabric prior to
its clinical application. This high degree of baseline literacy suggests that the technology
entered an environment characterized by positive cognitive receptivity, where healthcare

practitioners were already conceptually familiar with the biocidal mechanisms of zinc-
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based textiles. Such a distribution is vital for the study’s internal validity, as it indicates
that the subsequent observations of reduced infection rates were reported by a cohort
capable of distinguishing the specific impact of the antimicrobial intervention from general
hygiene protocols. Consequently, this widespread awareness served as the essential
cognitive infrastructure required to support the high correlation between staff knowledge

and the perceived clinical efficacy of the material.

The analysis of the Correlation with Efficacy (Q8) identifies a clear and visible trend
within the descriptive data, demonstrating that as awareness levels among healthcare
personnel increase, there is a corresponding rise in the reported observation of reduced
infection rates. This positive linear association suggests that cognitive engagement with the
technology acts as an interpretative filter, where informed practitioners are better equipped
to recognize and facilitate the biocidal impact of the textiles within their clinical workflow.
The statistical progression indicates that the "clinical invisibility" of antimicrobial action
is overcome through education, transforming a passive material intervention into an active,
observed component of the hospital’s infection control strategy. Consequently, the data
supports the conclusion that the efficacy of zinc-based textiles is not perceived as a static
material property but as a dynamic outcome that scales in direct proportion to the
workforce’s understanding of the underlying antimicrobial mechanisms, as provided in

Table 3.

The descriptive statistics for RQ1 confirm that the technology has successfully crossed the
threshold of clinical credibility. With over 88% of participants noticing at least a moderate

reduction in HAIs, the "Clinical Value" of the zinc-based intervention is empirically
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supported. Nevertheless, the divergence between the high efficacy scores (4.62) and low
comfort scores (2.15) suggests that while the technology is biologically effective, it is not

yet "human-centric" in its design.

Table 3: Frequency Distribution of Reported HAI Reduction Observations

Perception Category Frequency (N) Percentage (%)
Highly Noticeable Reduction 142 58.2%

Moderate Reduction 74 30.3%

Neutral / No Change 21 8.6%

Source: Author’s data generated in the survey

This statistical profile serves as the evidence base for the subsequent regression modelling,
which confirms that 77.9% of this perceived success is driven by the depth of staff

awareness and training.

4.3.2 Technical Report on p-value, R2 and Regression Information

In the following section, I will present the key findings derived from the analysis of data

collected on information affecting use of Zinc-based antimicrobial fabrics in India.

In addressing Research Question 1 (RQ1), which examines the impact of Zinc based
antimicrobial fabrics on reducing Hospital Acquired Infections (HAIs), it was essential to
validate the assumptions underlying the statistical analysis. Given the analysis plan which

includes three (3) dependent variables (HAI incidents, Perceived importance and
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satisfaction scores) and three (3) independent variables (fabric treatment, ward type
(general/ICU) and hospital location (rural/urban) is crucial to evaluate the assumptions to

ensure the reliability and validity of the regression results.

The Research Question 1 (RQ1) sought to determine the impact of zinc-based antimicrobial
fabrics on reducing Hospital-Acquired Infections (HAIs). This relationship was tested
through two primary Linear Regression models, establishing the effect of awareness on

both clinical outcomes (HAI reduction) and staff belief (perceived importance).

4.3.2.1 Linear regression results (Q4 — Q8) : Establishing Clinical Efficacy:

Awareness and HAI Reduction

The most critical finding related to RQ1 was derived from the Linear Regression model,
Model B (Q4 = Q8), which tested whether staff awareness of the fabric (Q4: Have you
heard of the fabric?) significantly predicts the observation of reduced HAIs (Q8: Have you

noticed reduced HAIs?).

The model demonstrated an extremely strong, highly significant predictive relationship

between the two variables.

As for statistical significance, the F-test for the overall model yielded a p-value of p <0.001
(p = 2.57E2"). This value is well below the standard alpha = 0.05 threshold, allowing for
the powerful rejection of the null hypothesis. It is statistically confirmed that awareness

has a significant effect on the reported observation of HAI reduction.
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In turn, in reviewing the Predictive Power (R?), as shown in Table 4, the coefficient of
determination, R’, was calculated at 0.779. This indicates that staff awareness (Q4)
accounts for approximately 77.9% of the total variance observed in the HAI Reduction
score (Q8). In the context of behavioral and public health research, this is an exceptionally
high measure of explained variance, conclusively demonstrating that knowledge is a

primary driver of the reported clinical success and perceived efficacy of the product.

Lastly, as of Coefficient (beta), the positive and significant unstandardized regression
coefficient (beta) further confirms the positive nature of this relationship. For staff who
were aware of the fabrics, the observed HAI reduction score was predicted to be

substantially higher compared to those who were unaware.

Table 4: Regression Parameters for HAI Reduction (04 — QS8) for RQ1

Metric Value Interpretation
p-value (significance) p <0.001 Highly significant relationship, Awareness
impacts observed outcomes
Coefficient of 0.779 Awareness explains 77.9% of the variance in
Determination (R2) reported HAI reduction
Beta (B) Positive Positive correlation, higher awareness leads to

higher reported efficacy

Source: Author’s data generated in the survey

4.3.2.2 Linear regression results (Q4 — QS5) : The Influence of Awareness on

Perceived Importance

A secondary Linear Regression model (Model A: Q4 = Q5) examined the influence of

awareness on the perceived importance of antimicrobial fabrics in preventing infections
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and Antimicrobial Resistance (AMR) (QS5). This model also showed a statistically
significant positive relationship (p=0.0109), albeit at a more conservative level than the
efficacy model.

While awareness drives the belief in the fabric's importance, the lower R’ value (relative to
Model B) suggests that other factors—such as institutional culture or professional
experience—also contribute to a staff member's overall perception of importance.
Nevertheless, the finding confirms that awareness lays the necessary cognitive foundation

for staff to assign value to the product.

Table 5: Mean Scores for Perceived Benefits and UX Factors (Scale 1-5)

Factor Mean Score Thematic Interpretation

Perceived Infection Reduction 4.6 Validates high efficacy expectations
and clinical trust

Safety / Skin Tolerance 4.3 Confirms positive safety profile
regarding biocompatibility

Ease of use 3.2 Suggests functional adequacy but
require workflow improvement

Comfort and Breathability 2.4 Primary nursing gap, correlates
with 39%UX dissatisfaction

Source: Author’s data generated in the survey

As can be read from Table 5, the clearly indicates that the staff who are knowledgeable
about the technology are overwhelmingly more likely to report observing its intended
clinical outcome. This is significant finding that underscores the role of education and

communication in successful implementation. The synthesis of this quantitative data
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underscores a robust conclusion. While the technology meets "Clinical Value"
requirements (safety and infection control), it fails to meet "Human Factor" requirements
such as comfort. For sustainable adoption, the strategic roadmap must prioritize textile

engineering that enhances user comfort without compromising biocidal integrity

4.3.3 Empirical Insight

The quantitative analysis for Research Question 1 (RQ1) establishes a definitive link
between practitioner knowledge and the perceived success of zinc-based antimicrobial
textiles. Using linear regression modelling, the study identifies "Awareness" not merely as
a metric of information, but as a critical catalyst for clinical validation and institutional

buy-in.

1. Awareness as a Predictor of HAI Reduction (R? = 0.779)

The primary regression model tested the predictive power of staff awareness (Q4) on the
reported observation of reduced Hospital-Acquired Infections (Q8). The determination of
Statistical Significance serves as the mathematical cornerstone of this analysis, as the
regression model yielded a highly significant result (p < 0.001), providing a robust
empirical basis to reject the null hypothesis. This extremely low p-value indicates that the
probability of the observed relationship between practitioner awareness and HAI reduction
occurring due to random chance is less than 0.1%, thereby validating the statistical
reliability of the findings. Within the context of clinical research, such a high level of
significance ensures that the correlation between the variables is not only mathematically

sound but also practically relevant for institutional decision-making. Consequently, this
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result elevates the "Awareness-Efficacy” relationship from a mere observation to a
statistically validated principle, confirming that knowledge levels are a critical determinant

of the technology’s perceived success in the clinical environment.

The analysis of Explained Variance provides a rigorous quantitative measure of the
model’s predictive strength, where the coefficient of determination (R? = 0.779) indicates
that 77.9% of the variance in perceived HAI reduction is directly attributable to the level
of staff awareness which can be considered as Clinical Cognitive Nexus. This high R?
value suggests an exceptionally strong degree of fit, implying that the vast majority of the
change in reported clinical outcomes can be explained specifically by the variation in
practitioner knowledge. In the context of implementation science, such a substantial
percentage underscores that awareness is not merely a secondary factor but a primary driver
of the technology's perceived success within the clinical environment. By establishing that
nearly four-fifths of the efficacy perception is linked to the cognitive preparation of the
staff, the data highlights that the biocidal success of the textile is essentially inseparable
from the educational framework supporting its deployment, leaving only 22.1% of the
variance to be accounted for by external variables such as institutional protocols or baseline

environmental factors.

The identification of this high R? value establishes a compelling Clinical Narrative,
suggesting the existence of a "Cognitive-Clinical Nexus" wherein practitioners who
possess a technical understanding of the technology’s antimicrobial mechanisms are
significantly more likely to observe and facilitate its biocidal benefits. This nexus implies

that the technological intervention is not a passive event but a collaborative process
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between the material and the user, knowledge acts as the medium through which the
clinical impact of the zinc ions is realized in daily practice. Conversely, the absence of
such understanding creates a "perceptual vacuum," where the technology's clinical impact
remains unrecognized and underutilized despite its inherent biological efficacy. In this
vacuum, the antimicrobial textiles are treated as standard materials, leading to a failure in
both the specialized handling and the subjective validation required to sustain long-term
institutional adoption. Consequently, the data confirms that the cognitive preparedness of
the clinician is as vital to the reduction of hospital-acquired infections as the chemical

properties of the textile itself.
2. Influence on Perceived Importance and Institutional Value

As can be read from Table 6, a secondary regression model examined how awareness
levels influence the perceived importance of these antimicrobial fabrics in the broader
strategic context of combating Antimicrobial Resistance (AMR) and hospital-acquired
infections (QS5). This relationship was found to be statistically significant (p = 0.0109),
providing empirical confirmation that practitioner awareness serves as the foundational
precursor to assigning institutional value to the technology. However, a comparative
analysis between belief and observation reveals a nuanced divergence, while awareness is
a robust predictor of observed clinical results (R? = 0.779), it demonstrates a notably
lower predictive power regarding the technology’s perceived importance. This suggests
that while technical knowledge successfully creates "believers" who can recognize the
material's biocidal impact, the actual prioritization of the technology is governed by a

more complex interplay of secondary factors. Consequently, variables such as
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institutional culture, prevailing hospital norms, and prior professional experience act as
mediating forces that shape how clinicians rank the technology within the hierarchy of
infection control measures. This distinction highlights that while education is sufficient
to validate the fabric's performance, embedding it as a critical institutional priority
requires addressing the broader socio-cultural environment of the healthcare facility. The
empirical data proves that for zinc-based textiles to be effective, they must be
accompanied by robust educational frameworks. Awareness is the primary driver of

perceived efficacy, bridging the gap between material science and clinical reality.

Table 6: Summary of RQ1 Regression Models

Predictive Relationship R? p-value Significance
Awareness — HAI Reduction 0.779 <0.001 Highly Significant
Awareness — Perceived Importance 0.169 0.0109 Significant

Source: Author’s data generated in the survey

4.4 Results for Research Question 2 (Qualitative Only)

Research Question 2 (RQ2: What are the key barriers and enablers for implementing
antimicrobial fabric products in hospitals, and how can adoption be improved at scale in
the Indian public health system?) employed thematic analysis of open-ended qualitative
feedback to investigate the challenges and facilitators for implementing antimicrobial
fabrics. This analysis provides a nuanced understanding of the professional and

geographical disparities that influence adoption within the Indian healthcare system.
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The qualitative inquiry, synthesized from open-ended stakeholder commentary (Q18) and
the prioritization of perceived benefits (Q17), provides a critical "lived experience"
dimension to the research. This integration transforms numerical datasets into operational
narratives, allowing for a deeper diagnostic of the barriers and enablers affecting the
adoption of zinc-based textiles. Central to these qualitative findings is the emergence of a
"Compatibility Crisis," a thematic pattern indicating significant friction between

laboratory-validated efficacy and real-world clinical utility.

As can be seen in Figure 3, the thematic analysis of Q18 reveals that User Experience
(UX) and Durability constitute the most significant area of concern, cited by 39% of
respondents. This UX dominance effectively overshadows both Economic Constraints
(11%) and Supply Chain Vulnerabilities (9%), suggesting that the primary obstacle to
frontline acceptance is not the fiscal cost or availability of the technology, but the physical
comfort and ergonomic suitability of the material. Feedback specifically localized to the
"Nursing Gap" indicates that current textile iterations often fail to meet essential ""Human
Factor" requirements. In high-stress clinical environments, issues such as fabric
breathability, weight, and thermal regulation are reported as critical failure points,

representing the primary physical obstacles to institutional compliance.

Despite these ergonomic challenges, the perceived benefits of the technology remain strong,
driven by a prioritization of Patient Safety (27%) and the broader mandate to combat
Antimicrobial Resistance (25%). This suggests that while healthcare practitioners are
intellectually aligned with the clinical value of zinc-based textiles, their operational support

is contingent upon resolving the "Compatibility Crisis." The results indicate that clinical
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efficacy alone is insufficient, successful implementation requires a holistic design approach
where the biocidal performance of the fabric is synchronized with the physiological and
ergonomic needs of the practitioner. Consequently, addressing these user-centric barriers

is essential for moving the technology from a perceived institutional benefit to a practical,

everyday clinical reality.

The following graph depicts the perceived benefits of the use of Zinc based antimicrobial

fabrics based on thematic analysis of RQ2.
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Figure 3: Qualitative Themes in Implementation Barriers (Q18)

Source: Author’s data generated in the survey

4.4.1 Thematic Barriers

1. Logistical and Supply Chain Barriers:
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The qualitative analysis of Logistical and Supply Chain Barriers, which accounts for 9%
of total feedback, reveals that implementation hurdles are not uniformly distributed but are
acutely concentrated within specific geographic contexts. Participants operating in rural
healthcare settings specifically highlighted the inherent fragility of the distribution network,
identifying it as a primary deterrent to the sustained use of antimicrobial textiles. Key
thematic descriptors such as "geographical isolation" and "logistical unreliability" emerged
as dominant tropes, with respondents frequently noting that it is "difficult to maintain a
regular supply in rural areas" and that "frequent stock-outs render the technology
practically unreliable" for day-to-day clinical operations. This evidence suggests that in
resource-constrained or remote environments, the primary barrier to adoption is not a lack
of trust in the technology’s biocidal performance, but rather the absence of a robust
logistical infrastructure capable of supporting it. The "Distribution Fragility" identified by
rural practitioners creates a functional disconnect where the material’s clinical benefits are
neutralized by its unavailability. Consequently, the "Skepticism Gap" observed in these
regions is less about the fabric's science and more about a perceived institutional failure to
guarantee a consistent supply chain. For these practitioners, a technology that cannot be
reliably procured is viewed as a systemic liability, highlighting that any successful national
rollout of zinc-based fabrics must prioritize a localized logistical strategy that accounts for

the "Last-Mile" delivery challenges inherent in India's diverse rural landscape.

2. Economic Constraints and Systemic Inelasticity:

The analysis of Economic Constraints and Systemic Inelasticity reveals that financial

barriers are a pervasive and foundational challenge, accounting for 11% of the total
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qualitative commentary. Unlike logistical hurdles, which were geographically concentrated,
these economic constraints were cited consistently across all institutional strata—ranging
from small rural clinics to large-scale urban hospitals. This suggests that the "Universal
Cost Plateau" is not merely a localized budgetary shortfall but a structural characteristic of
the Indian healthcare procurement landscape. Thematic analysis of the data revealed a
profound sense of "budgetary inelasticity," driven by the perception that the upfront
investment required for zinc-based textiles exceeds the current financial threshold of most
facilities. Respondents frequently utilized definitive descriptors, noting that they
"absolutely cannot afford it" or that the material is "too expensive for a small clinic budget,"
regardless of its clinical merits. This indicates that the higher cost of antimicrobial fabrics
is perceived as a fundamental, systemic inhibitor that prevents the technology from moving
beyond high-end or specialized medical niches. Consequently, the data suggests that
without a subsidized financial framework or a shift toward life-cycle cost accounting—
where long-term savings from reduced infection rates are factored into the initial
purchase—the technology faces a "Fiscal Wall." For widespread institutionalization to
occur, the value proposition must transition from a "per-unit cost" discussion to a "systemic

savings" model that addresses the rigid inelasticity of hospital budgets.

3. User Experience (UX) and the Nursing Compatibility Crisis:

The most dominant qualitative theme identified was User Experience and Durability, which
accounted for 39% of all open-ended responses. This theme provided critical insight into
the dissatisfaction expressed by frontline healthcare workers, particularly nursing staff.

Thematic coding revealed specific "physical pain points" related to the daily, long-shift
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interaction with the fabrics. This dominance suggests that the primary challenge to
institutionalizing zinc-based textiles is not found in the material's biocidal kill rate, but
rather in the ergonomic friction experienced by frontline practitioners during clinical shifts.
Thematic coding of these responses reveals a profound "Compatibility Crisis" where the
physical properties of the treated textile carrier—including thermal retention, increased
fabric weight, and a lack of breathability—directly conflict with the physiological
requirements of nursing staff operating in high-stress, often non-air-conditioned clinical
environments. These "physical pain points" are not merely secondary inconveniences but
represent a fundamental failure in human-centric design, as the density of the antimicrobial
treatment often results in a "stiff" or "suffocating”" tactile experience that hinders the
physical agility required for patient care. Furthermore, the data suggests a trend of
"durability decay," where the comfort profile of the garment degrades significantly after
repeated industrial laundering cycles, even if the chemical efficacy of the zinc ions remains
intact. This divergence between clinical longevity and ergonomic endurance creates a
situation where staff may subvert usage or demonstrate low compliance, effectively
neutralizing the technology's theoretical benefits. Consequently, the "Nursing Gap"
identified in this study highlights that the ultimate arbiter of success for antimicrobial
interventions is the human factor, if the material carrier does not support the daily
operational realities of the healthcare workforce, the systemic and clinical goals of reducing
hospital-acquired infections remain unreachable. This necessitates a transition in the

research and development roadmap from a pure focus on biocidal persistence toward an
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integrated approach that prioritizes textile engineering and user comfort as core

components of infection control efficacy.

4. Thermal Comfort:

Respondents noted the fabric is "too heavy in non-AC wards" and "becomes hot" during
use. The synthesis of qualitative feedback regarding thermal comfort reveals a critical
environmental friction point, where respondents specifically noted that the fabric is "too
heavy in non-AC wards" and frequently "becomes hot" during active use. This qualitative
evidence suggests that the physical density of the zinc-treated textile acts as a thermal trap,
exacerbating the physiological strain on healthcare workers operating in facilities without
climate control. Within the context of tropical clinical settings, the lack of breathability
described by staff indicates that the material's structural composition may impede natural
evaporative cooling, leading to localized heat stress during prolonged shifts. This
discomfort is not merely a subjective preference but a functional barrier to adoption, as the
perceived "heaviness" of the garment is directly correlated with a decline in user endurance
and a potential subversion of uniform compliance. Consequently, the data illustrates that
the biocidal efficacy of the technology is functionally tethered to its thermal performance,
if the textile carrier fails to accommodate the ambient temperatures of the ward, the
intended clinical benefits of infection reduction are undermined by the physical inability

of the staff to maintain consistent usage throughout the duration of their duties.

5. Tactile Degradation The longitudinal performance analysis of the textile further

indicates a critical degradation of physical properties, with respondents reporting that the
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material becomes "less breathable after many washes" and suffers from a notable "loss of
flexibility." This phenomenon suggests a cumulative "structural fatigue" in the fabric
matrix, where the industrial laundering processes required for hospital hygiene standards
may cause a compaction of fibers or a residual buildup of antimicrobial agents that occludes
the textile’s pores. The subsequent loss of flexibility transforms the garment from a pliable
clinical uniform into a restrictive barrier, impeding the kinetic range of motion required for
healthcare practitioners during intensive patient care activities. These findings imply that
the "durability" of the product is currently bifurcated, while the chemical biocidal integrity
may persist, the mechanical and physiological utility of the textile carrier fails to maintain
its baseline standard over time. This creates a lifecycle limitation where the premature
aging of the fabric’s tactile qualities effectively ends its functional life in the clinical

environment, regardless of its remaining antimicrobial potential.

6. Maintenance Hurdles:

As can be seen in Figure 4, The synthesis of operational feedback further identifies that
issues with specialized laundry requirements were frequently cited as a significant
administrative and operational burden, complicating the integration of the technology into
standard hospital workflows. This requirement for specific washing protocols creates a
friction point in the institutional "backend," where the logistical effort to maintain the
fabric's integrity competes with the limited time and resources of auxiliary staff. These
qualitative insights collectively suggest a "Compatibility Crisis," where the technical
biocidal efficacy of the fabric is overshadowed by its negative impact on the comfort and

working conditions of the primary users. This crisis implies that the material science
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success of the zinc ions is currently decoupled from the lived reality of clinical practice,
the very features that ensure antimicrobial persistence appear to impose a "usability tax"
on the healthcare workforce. Consequently, the data indicates that unless the textile carrier
is re-engineered to align with existing laundry infrastructures and ergonomic standards, the
high clinical trust documented in the quantitative analysis will be insufficient to overcome

the operational resistance generated by the daily use of the product.

The following figure depicts the perceived benefits of use of Zinc based antimicrobial

fabrics based on thematic analysis data for RQ2.
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Figure 4: Thematic Prioritization of Perceived Benefits (Q17)

Source: Author’s data generated in the survey

4.4.2 Strategic Enablers: Prioritization of Perceived Benefits (Q17)
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From Figure 5, the success of any large-scale implementation depends on the "Value
Proposition" recognized by stakeholders. This graph shows that "Safety" is the most
important enabler. The data suggests that Patient Safety (27%) is the primary "Value
Anchor." To secure institutional buy-in, the marketing and policy narrative must pivot

away from technical specifications and toward "Total Patient Protection."

Environmental Impact ||| N 13
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Source: Author’s data generated in the survey

Figure 5: Adoption Driver Priority (Frequency in %)

Source: Author’s data generated in the survey

Table 7 summarizes the perceived benefits of zinc-based antimicrobial fabrics across four
key factors. First, perceived infection reduction shows high thematic intensity, strongly
supporting the clinical efficacy of the zinc-based fabric. Second, safety and skin tolerance
are also rated high, indicating strong trust in the material’s biocompatibility. Third, ease of
use demonstrates moderate intensity, suggesting that while the fabric is functionally

integrated, improvements in workflow are still needed. Finally, comfort and breathability
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receive the lowest intensity, identifying them as the main pain point and directly linking
them to the reported 39% user experience dissatisfaction. Overall, the findings highlight
strong clinical and safety perceptions, with usability and comfort requiring further

enhancement.

Table 7: Summarized interpretation of the Perceived Benefits of Zinc based Antimicrobial
Fabrics

Factor Thematic Interpretation
Intensity
Perceived Infection High Strongly supports the clinical efficacy of
Reduction the zinc-based fabric.
Safety / Skin Tolerance High Confirms high trust in the
biocompatibility of the material.
Ease of Use Moderate Indicates that the fabric is functionally

integrated but requires better workflows.

Comfort & Breathability =~ Lowest The primary pain point correlates directly
with the 39% UX dissatisfaction.

Source: Author’s recommended interpretation of thematic factors

The synthesis of Q17 and Q7 indicates that while the technology meets the "Clinical Value"
requirements (safety and infection control), it fails to meet the "Human Factor"
requirements (comfort and breathability). For sustainable adoption, the strategic roadmap
must pivot toward textile engineering that enhances user comfort without compromising

biocidal integrity.
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Table 8: Summarized User Experience (UX)

Factor Mean Score (1-5)
Infection Reduction 4.6
Skin Tolerance 4.3
Ease of Use 3.2
Comfort & Breathability 2.1

Source: Author’s data generated in the survey

As can be seen in Table 8, the synthesis of Q17 and Q7 indicates that while the technology
meets the "Clinical Value" requirements (safety and infection control), it fails to meet the
"Human Factor" requirements (comfort and breathability). For sustainable adoption, the
strategic roadmap must pivot toward textile engineering that enhances user comfort without

compromising biocidal integrity.

The "Nursing Gap" (Radar / Spider Chart) This graph clearly shows the "collapse" in

user experience regarding comfort, as can be seen in Figure 6.

Mean Score (1-5)

Infection Reduction
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Figure 6. Summary of Perceived UX

Source: Author’s data generated in the survey
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Further, as shown in Table 7, the dominance of User Experience (39%) indicates a
"Compatibility Crisis." While administrators focus on cost, frontline users focus on the
physical properties of the textile. Respondents specifically noted that the "lack of
breathability" in high-humidity Indian hospital environments creates significant resistance

among nursing staff, as can be seen in Figure X.

Administrative/Other

Supply Chain Fragility

Economic Constraints

User Experience (UX)
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User Experience (UX) Economic Constraints  Supply Chain Fragility  Administrative/Other
B Frequency (%) 39% 11% 9% 41%

Figure 7: Qualitative Barriers Data (Frequency as %)

Source: Author’s compilation from data generated in this survey

7. Prioritization of Perceived Benefits and Public Support:

The thematic analysis of perceived benefits identifies a distinct hierarchy of values that

serves as the primary catalyst for both administrative and public support for the technology.
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By categorizing these specific "value drivers," the study delineates the evidentiary
requirements necessary for securing institutional buy-in and broader societal acceptance.
This hierarchical structure suggests that while clinical efficacy remains the bedrock of
professional trust, the transition toward systemic adoption is propelled by a layered value
proposition that translates technical biocidal performance into tangible public health
outcomes. Consequently, these drivers function as the strategic link between laboratory-
validated performance and the perceived utility required to justify procurement and policy

integration within the healthcare ecosystem.

8. Patient Safety (27%):

The primary motivator for investment, linked to the belief that the fabric provides a
protective barrier. The thematic analysis identifies patient safety as the preeminent
motivator for institutional investment, accounting for 27% of the qualitative discourse and
serving as the primary driver for technological support. This prioritization is fundamentally
linked to the collective belief among healthcare stakeholders that the zinc-infused fabric
functions as a critical protective barrier within the clinical environment. This "Safety-First"
orientation suggests that administrative and frontline support is most readily mobilized
when the technology is framed not merely as a textile upgrade, but as a preventative shield
that actively mitigates the risk of cross-contamination. Consequently, the perception of the
fabric as an essential safety intervention provides the necessary ethical and operational
justification for overcoming initial adoption inertia, positioning the material as a vital

component of the patient-centered care infrastructure.
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9. Infection Prevention / AMR Control (25%):

The thematic analysis further reveals that infection prevention and the mitigation of
Antimicrobial Resistance (AMR) constitute a major pillar of professional acceptance,
accounting for 25% of respondent priorities. This underscores that clinical utility remains
a significant factor in the technology's valuation, as healthcare practitioners view the zinc-
based textiles through the lens of their specific contribution to broader epidemiological
goals. This "Clinical Utility Driver" suggests that the technology is not viewed as a
standalone product but as a functional tool within the larger strategic framework of AMR
control. By positioning the textiles as a proactive defense mechanism against resistant
pathogens, the technology gains a level of professional legitimacy that facilitates its
transition from an experimental intervention to a recognized standard of care. Consequently,
the data indicates that the continued support of the medical community is contingent upon
the fabric’s ability to demonstrate a measurable impact on the rates of resistant infections,

reinforcing its status as an essential component of the clinical toolkit.

10. Staff Safety (20%):

The thematic analysis identifies Staff Safety as a secondary but significant driver for
institutional adoption, accounting for 20% of the qualitative discourse. This metric
indicates that the technology's value proposition extends beyond patient outcomes to
encompass the occupational health of the healthcare workforce, who perceive the zinc-
treated textiles as a personal protective measure against clinical pathogens. This

"Occupational Protection" factor suggests that administrative support for the intervention
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is bolstered when the fabric is framed as a mitigation strategy for staff exposure, thereby
reducing the risk of work-related infections and the subsequent operational disruptions of
sick leave. Consequently, while patient-centric benefits lead the hierarchy of support, the
inclusion of staff safety as a core value driver ensures a more holistic alignment between
the technology’s biocidal performance and the institutional duty of care toward its

employees.

11. Clinical Staff Experience Profile:

A thematic profiling of clinical staff experiences further corroborates the foundational
tension between technological efficacy and user comfort. While "Perceived Infection
Reduction" and "Safety/Skin Tolerance" were consistently coded as high-performing
attributes, "Comfort and Breathability" received the lowest thematic ranking across all
qualitative datasets. This divergence confirms that while clinical staff maintain a high level
of trust in the fabric’s ability to reduce microbial load and protect the skin, the daily user
experience remains the most significant risk factor for long-term implementation success.
The data suggests that the "biocidal confidence" of the workforce is currently undermined
by "ergonomic friction," creating a scenario where the material's physical limitations may
lead to decreased compliance or eventual abandonment of the technology. Consequently,
these findings highlight that for antimicrobial textiles to move beyond the pilot phase, the
engineering focus must shift toward harmonizing antimicrobial potency with the

physiological and thermal requirements of the frontline healthcare environment.
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The dominance of the User Experience theme (39%) indicates that successful national
scaling in India requires a "Co-Design Model" that prioritizes tactile comfort and
breathability as much as biocidal kill rates. Technical superiority alone is insufficient if it
creates an ergonomic burden for the nursing staff. These findings serve as the evidentiary
foundation for the Strategic Implementation Roadmap discussed in Chapter 5, which
outlines the policy shifts and design standards necessary to bridge this "Nursing Gap" and
ensure sustainable adoption across diverse healthcare settings. The results indicate that the
roadmap for national implementation must move beyond proving clinical efficacy. Success
is contingent upon a "Human-Centric Design" shift that prioritizes ergonomic comfort and
a "Systemic Stabilization" effort to ensure supply chain reliability in rural contexts. Only
by addressing these non-clinical barriers can zinc-based textiles transition from an

innovative concept to a standardized pillar of the Indian infection control strategy.

4.5 Integration of Quantitative and Qualitative Findings

The synthesis of quantitative and qualitative data reveals that the adoption of zinc-based
antimicrobial textiles in the Indian healthcare system is governed by a multi-dimensional
hierarchy of constraints. While the technology successfully meets the threshold for clinical
value, its transition from an innovative intervention to a standardized medical tool is

mediated by distinct systemic, geographic, and ergonomic factors.

4.5.1 Validation of Clinical Value
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The empirical results consistently validate the core efficacy and safety of the technology.
High mean scores for perceived infection reduction (4.62) and skin tolerance (4.38)
indicate that healthcare providers maintain a high degree of professional trust in the
biocidal integrity of the material. This clinical trust suggests that the "proof of concept” is
well-established within the professional community, neutralizing medical skepticism as a

primary barrier to entry.

4.5.2 The Dominance of User Experience (UX) as Adoption Risk

Despite high clinical regard, the data identifies User Experience (UX) as the primary
adoption risk. Accounting for 39% of stakeholder concerns, UX friction—specifically
regarding fabric breathability and thermal comfort—serves as the most significant obstacle
to frontline acceptance. This "Compatibility Crisis" represents a fundamental tension
where the physical properties of the textile carrier undermine the biological benefits of the
antimicrobial agent. In high-stress clinical environments, the ergonomic failure of the

material functions as a direct deterrent to consistent compliance.

4.5.3 Systemic and Geographic Constraints

The analysis further clarifies that economic and logistical barriers operate on distinct
structural levels. Firstly, the analysis of Systemic Cost Barriers identifies economic
constraints as a pervasive, structural challenge rather than a localized administrative issue,
with 11% of qualitative data points highlighting the "Universal Cost Plateau" as a primary
impediment to adoption. This phenomenon suggests that budgetary inelasticity is a

foundational characteristic of the current institutional landscape, creating a rigid
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procurement environment that affects the acquisition capacity of healthcare facilities across
diverse socio-economic and clinical tiers. Unlike isolated financial shortages, this systemic
plateau represents a macro-economic ceiling where the higher upfront costs of zinc-based
antimicrobial textiles collide with the fixed-cap reimbursement models typical of public
and private health systems. Consequently, the data implies that even when clinical efficacy
is universally acknowledged, the lack of a flexible "innovation budget" prevents the
transition from conventional textiles to advanced biocidal materials. This economic friction
is exacerbated by the absence of a life-cycle costing approach, which would ideally offset
the initial purchase premium against the long-term savings generated by reduced infection
rates and shorter patient stays. Because the current procurement logic remains siloed within
immediate fiscal years, the technology faces a "Value-Cost Paradox" where its long-term
economic benefits are rendered invisible by short-term accounting limitations. Ultimately,
the presence of these systemic barriers indicates that the wide-scale diffusion of
antimicrobial interventions is contingent upon a fundamental shift in hospital financing,
moving away from simple commodity purchasing toward an investment-oriented model of

infection control.

Secondly, the analysis of Geographic Supply Variance identifies those logistical barriers,
accounting for 9% of the qualitative data, are predominantly localized to rural
infrastructures rather than being a universal systemic failure. This geographic
concentration reveals a "Skepticism Gap" within rural populations, indicating that the
perceived reliability of antimicrobial textiles is inextricably linked to the physical location

of the healthcare facility. In these remote settings, "Distribution Fragility" transforms
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simple logistical delays or supply chain inconsistencies into a perceived lack of
technological safety and institutional commitment. When life-saving biocidal materials are
subject to the same infrastructure-related delays as standard medical commodities, the
clinical staff and local administration develop a cognitive bias against the technology’s
dependability. This suggests that in rural contexts, the material's chemical efficacy is
secondary to its availability, a technology that cannot be consistently replenished is viewed
as a functional liability rather than a clinical asset. Consequently, the data implies that the
successful diffusion of zinc-based textiles in non-urban centres requires more than just
clinical validation, it necessitates a specialized logistical strategy that accounts for the
fragility of local transport networks. Ultimately, the "Skepticism Gap" underscores that
geographic equity in healthcare innovation is not merely an issue of procurement but a
fundamental challenge of maintaining a visible and reliable presence within the rural

clinical workflow.

4.5.4 Tabulation of Research Findings of RQ1 and RQ2

The following table outlines the integrated mixed-methods approach used to address the
research objectives, categorizing each quantitative and qualitative test for RQ1 and RQ2

by its specific variables and analytical purpose.

Table 9 presents the integrated quantitative findings derived from Research Question 1. As
shown in the table, practitioner awareness demonstrates a statistically significant and

substantively strong relationship with both perceived HAI reduction and the strategic
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valuation of zinc-based antimicrobial textiles. The regression results confirm that
awareness functions not only as an informational variable but as a central implementation
determinant within the clinical environment. The high coefficient of determination (R* =
0.779) further substantiates that the perceived efficacy of the technology is closely aligned
with the cognitive preparedness of healthcare staff. These findings reinforce the argument
that technological effectiveness is mediated by practitioner knowledge and institutional

familiarity.

Meanwhile, Table 10 synthesizes the qualitative findings associated with Research
Question 2, consolidating the identified barriers and enablers of implementation. As
illustrated in Table 10, economic constraints, supply chain fragility, and user-experience
compatibility issues emerge as primary barriers, while patient safety, infection control
benefits, and institutional confidence represent key enablers. This integrative summary
highlights the dual-layered nature of implementation: clinical recognition of value coexists
with operational and systemic constraints. The table therefore serves as a structural bridge
between empirical observation and the subsequent interpretive discussion presented in

Chapter 5.
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Table 9: Summary of Survey Data Results and Outcome for Quantitative Analysis for

ROI

Analysis
Type
ANOVA

Correlation
Analysis

Correlation
Analysis

Linear
Regression

Linear
Regression

Survey
Question/s

Q1 & Q16

Qll &
Q12

Ql4 &
Q15

Q4 & Q5

Q4 & Q8

Analytical Objective

Assess and compare overall
satisfaction scores across
participant groups — Doctor
v/s Nurse, Doctor v/s
Admin, Nurse v/s Admin

Evaluate the relationship
between fabric affordability
and administrative intent to
adopt.

Determine the link between
perceived safety and public
support for investment.

Determine if product
awareness serves as a
predictor for increased usage
frequency.

Evaluate the impact of
awareness on perceived
clinical success rates.

Source: Author’s data generated in the survey
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Results / Outcome

The satisfaction scores are
not all the same across these
groups, atleast one groups
satisfaction is significantly
lower or higher than the
others

The cost is a decisive barrier
as the perceived affordability
of the Zinc-based
antimicrobial product
increases.

The likelihood of
institutional adoption rises
significantly.

Positive corelation was
found which indicates that
perception of safety is the
single most critical enabler
for public adoption. When
patients feel safer, they
invariably support the
initiative.

The staff who have heard of
the fabric rated its
importance higher than staff
who had not heard of it.

It proves that knowledge /
awareness is a primary driver
of reported clinical study in
this survey.



Table 10: Summary of Survey Data Results and Outcome for Qualitative Analysis for

RQO2
Analysis
Type
Thematic
Analysis

Thematic
Analysis

Thematic
Analysis

Thematic
Analysis

Thematic
Analysis

Survey
Question/s

Q5

Q7

Q16

Q17

Q18

Analytical Objective

Analyze respondent
perceptions regarding
the use of fabrics and
Antimicrobial
Resistance (AMR).

Explore the
relationship between
fabric utilization and
professional clinical
experience.

Synthesize
qualitative feedback
regarding overall
satisfaction with
Zinc-based textiles.

Identify and rank the
most significant

perceived benefits of
antimicrobial fabrics.

Summarize open-
ended comments to
identify critical areas
for product
improvement.

Source: Author’s data generated in the survey

4.6 Chapter Summary and Transition
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Results / Outcome

Awareness is not merely educational,
it is a functional prerequisite for
adoption. Without specific training on
how these fabrics complement
standard hygiene, staff tend to view
them with skepticism.

There is a strong correlation between a
staff member's years of experience and
their insistence on durability. Senior
staff prioritize the fabric's ability to
withstand industrial laundering, while
junior staff prioritize daily ergonomic
comfort.

Overall satisfaction is currently
weighted by "intended benefit" rather
than "actual user experience,"
suggesting a fragile adoption model
that relies on top-down mandates
rather than bottom-up acceptance.

The market entry strategy for
antimicrobial textiles must pivot away
from "technical innovation" and focus
exclusively on "Safety Outcomes" to
secure the necessary public and
administrative support

The path to improvement is twofold —
Textile Engineering must address
comfort/durability.

Policy Reform must address the cost
and distribution inequities between
urban and rural settings



This Chapter 4 has provided a comprehensive analysis of the empirical data concerning the
adoption of zinc-based antimicrobial textiles within the Indian healthcare system, bridging
the gap between quantitative statistical modelling and qualitative operational narratives.
The investigation into Research Question 1 (RQ1) established a definitive relationship
between practitioner knowledge and clinical validation, as the primary regression model
revealed that staff awareness is a highly significant predictor of perceived HAI reduction.
With a robust coefficient of determination (R? = 0.779), it is evident that approximately
78% of the variance in reported infection control outcomes is attributable to the level of
practitioner awareness, suggesting a "Cognitive-Clinical Nexus" where the technology’s
perceived efficacy is contingent upon an informed workforce. The secondary regression
analysis further confirmed that awareness serves as the foundational precursor for
assigning institutional importance to the technology, demonstrating that while the fabric
possesses inherent biocidal properties, its clinical success in a hospital setting is mediated
by the depth of staff education. Conversely, the qualitative inquiry into Research Question
2 (RQ2) shifted the focus toward the sociotechnical challenges of implementation,
identifying a critical "Compatibility Crisis" that acts as the primary deterrent to sustainable
adoption. The data highlights a hierarchy of adoption risks dominated by user experience
and durability concerns, which were cited by 39% of respondents and effectively

overshadowed systemic economic constraints and geographic logistical barriers.

The integrative synthesis of these findings suggests that the Indian healthcare ecosystem
exists in a state of asymmetric readiness, where high clinical credibility is tethered by three

distinct non-clinical anchors. The Ergonomic Anchor represents a state where technical
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biocidal performance is compromised by low user compliance due to physical discomfort,
such as thermal retention and lack of breathability. This is compounded by the Systemic
Anchor, where procurement is frequently hampered by inelastic institutional financial
structures and traditional budgetary constraints that overlook long-term value. Finally, the
Geographic Anchor reveals a "Skepticism Gap" in rural settings, where trust is
undermined by logistical instability and distribution fragility rather than the chemical
properties of the zinc ions themselves. Ultimately, the results demonstrate that while the
technology has successfully met all "Clinical Value" requirements regarding safety and
efficacy, it falls short of meeting the "Human Factor" and "Systemic" requirements
necessary for standardized integration. The transition from an innovative intervention to a
clinical pillar is therefore dependent on resolving the physical and structural friction
identified in the practitioner experience, moving beyond biocidal validation toward a
holistic, user-centric implementation strategy. This evidence base provides the necessary
foundation for the strategic recommendations and policy frameworks discussed in the

concluding chapters of this research.

Chapter 4 provides a comprehensive empirical evaluation of the clinical efficacy and
adoption determinants of zinc-based antimicrobial fabrics within the Indian healthcare
sector. Consequently, the findings suggest that successful large-scale implementation
necessitates a dual-track strategy: transitioning from a purely efficacy-based model to one
that addresses systemic affordability, logistical equity, and ergonomic refinement to secure
essential frontline buy-in. By synthesizing these elements, this Chapter 4 evolves the

study’s results into a sociotechnical blueprint for "Textile Stewardship," offering
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actionable policy recommendations for scaling zinc-based innovations across the Indian
public health sector. These results provide the foundational evidence for the theoretical and
practical interpretations presented in Chapter 5, shifting the focus from statistical validation

to strategic policy recommendations.

The following discussion in Chapter 5 builds upon these benchmarks to contextualize the
findings within the broader academic landscape of the Technology Acceptance Model
(TAM) and Diffusion of Innovations (Dol) theory. It interprets the reported 39%
dissatisfaction among nursing staff as a "Compatibility Crisis" that threatens to neutralize
technical superiority through physical discomfort and thermal stress. Furthermore, the
discussion transitions from the identification of universal cost barriers and the "Rural-

Urban Supply Divide" to the formulation of a strategic "Implementation Roadmap".
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CHAPTER V:
DISCUSSION

5.1 Introduction

This chapter provides a comprehensive synthesis of the research, beginning with a
summary of the empirical findings established in Chapter 4 and transitioning into a nuanced
interpretation of the sociotechnical framework. The results confirm a "Cognitive-Clinical
Nexus," where linear regression analysis establishes that staff awareness serves as a
primary engine of efficacy (R2=0.779, p<0.001), accounting for approximately 78% of the
perceived clinical reduction in healthcare-associated infections. This link underscores a
critical "human-in-the-loop" requirement, suggesting that the effectiveness of zinc-based
antimicrobial textiles is not merely a product of material science but is mediated by the
user’s cognitive understanding of biocidal mechanisms. Furthermore, the analysis of
systemic barriers reveals a "Dichotomy of Hurdles," characterized by a universal cost
barrier (p=0.5707) that creates economic inelasticity (r=0.8718) across both urban and rural
facilities. While metropolitan hospitals struggle with procurement pricing, rural centers
face a significant "Supply Divide" (p=0.0039), where logistical fragility and frequent

stock-outs impede the "trialability" essential for the diffusion of innovations.

The discussion further interprets the profound "Nursing Gap" identified through one-way
ANOVA, which revealed a highly significant disparity in satisfaction scores (p=3.14 E10"
%). This finding highlights a "Compatibility Crisis" within the Diffusion of Innovations

theory; although the textiles demonstrate technical superiority, they suffer from a user-
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experience failure, as 39% of qualitative feedback cited poor breathability and tactile
discomfort in non-air-conditioned Indian wards. This suggests that ergonomic
compatibility is a critical prerequisite that can neutralize clinical efficacy if not addressed.
These results are contextualized within an evolved Technology Acceptance Model (TAM),
which introduces "Cognitive Trust" as a mediating variable necessary for technologies with

invisible biocidal functions.

Finally, the chapter outlines the policy implications of these findings, advocating for a
strategic shift from price-centric procurement to a value-based, life-cycle costing (LCC)
model within the Government e-Marketplace (GeM). By reframing antimicrobial textiles
as "Essential Life-Saving Equipment" for fiscal relief and integrating them into the
National Action Plan on Antimicrobial Resistance (NAP-AMR), this study proposes a
roadmap for "Textile Stewardship." This framework provides a path toward national
scaling through Production-Linked Incentive (PLI) schemes and a hub-and-spoke logistical
architecture, ensuring that the transition to smart medical textiles in India is backed by both

economic evidence and social equity.

5.2 Interpretation of Key Findings

This research establishes that the effectiveness of zinc-based antimicrobial textiles within
the Indian healthcare sector is not merely a function of material science, but rather a
complex interplay between the technology and the human actors who manage it. This
"Cognitive-Clinical Link" suggests that for an innovation to successfully reduce

Healthcare-Associated Infections (HAIs), the staff must first possess a deep cognitive
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understanding of its function. Statistical analysis via linear regression yielded a striking
result, demonstrating that 78% of the perceived clinical efficacy (R2 = 0.779) is directly
predicated upon staff awareness. This indicates that when healthcare workers remain
uninformed regarding the biocidal properties of zinc-infused fabrics, the technology’s
perceived performance drops significantly; since efficacy is "perceived," it suggests that a
lack of knowledge leads to improper handling, cross-contamination, or neglected laundry

protocols, thereby negating the physical benefits of the zinc ions.

In the unique context of Indian hospitals—characterized by high patient density and rapid
bed turnover—the research highlights a "Human-in-the-Loop" requirement, asserting that
such technology cannot function autonomously. While the fabric acts as a passive defense
system, its role as a critical hospital tool is entirely dependent on active human management.
The study found that awareness is a significant predictor of how staff rank the fabric’s
importance (p = 0.0109); if a practitioner views an antimicrobial sheet as standard linen
rather than a specialized medical device, the meticulous care required to maintain its
efficacy is lost. This "Human-in-the-Loop" theory posits that the textile is an extension of

the clinician’s hygiene protocol, rather than a replacement for it.

These findings provide strong empirical validation for the Technology Acceptance Model
(TAM), as "Perceived Usefulness" (PU) emerges as the primary driver of adoption. In the
specific case of zinc-based fabrics, this usefulness is socially constructed through tech-
literacy; because the biocidal action of zinc ions is microscopic and invisible, staff must be
taught to recognize it. Consequently, education serves as the cognitive bridge that allows

staff to transition from viewing the material as a simple cloth to identifying it as a protective
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barrier. Without this cognitive bridge, the intent to utilize the technology remains low,
regardless of the fabric's actual laboratory-proven kill rate.

The expansion of zinc-based antimicrobial textiles from a niche technological innovation
to a standard medical utility in India is impeded by a complex set of systemic barriers that
fluctuate between universal economic pressures and specific geographic logistical failures.
The study identifies cost as a "blind" deterrent, meaning it operates independently of a
hospital's resource level or location. In the price-sensitive Indian healthcare market, the
premium associated with antimicrobial infusion often outweighs perceived long-term
savings in HAI treatment, resulting in a near-perfect correlation (r = 0.8718) between a
product’s financial feasibility and actual administrative intent to purchase. Without a
reduction in unit price, the technology remains "financially locked" regardless of its
medical merit.

While cost is a shared burden, the physical availability of the product is dictated by
geography, creating a significant "Rural-Urban Supply Divide." Rural facilities and smaller
clinics face a statistically significant association (p = 0.0039) with supply chain disruptions,
suffering from chronic "out-of-stock" issues and a lack of local vendors. According to the
Diffusion of Innovations (Dol) theory, "Trialability"—the ability to test an innovation on
a limited basis—is essential for adoption; however, the logistical vacuum in rural India
prevents these clinics from initiating small-scale trials, further widening the healthcare
quality gap between metropolitan and remote sectors.
The most critical discovery of this research is the "Nursing Gap," representing a profound

technical-practical conflict. One-way ANOVA revealed a highly significant disparity (p =
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3.14E10®) in satisfaction scores between administrators, who view the fabric through the
lens of technical efficacy, and nursing staff, who reported the lowest satisfaction levels.
This gap creates an operational bottleneck; if frontline staff are dissatisfied, the likelihood
of passive resistance or improper usage increases. Thematic analysis clarifies this
dissatisfaction, showing that 39% of negative feedback focused on poor User Experience
(UX), specifically citing that the fabrics were heavier and less breathable during grueling
12-hour shifts in non-air-conditioned wards. This represents a "Compatibility Crisis" in
Dol terms: while the technology is clinically compatible with infection control, it is
practically incompatible with the physical requirements of nursing labor. To ensure
successful national scaling, the strategy must shift from merely proving biocidal action to
addressing these specific ergonomic and systemic constraints of the Indian healthcare

environment.

5.3. Interpretation of the Proposed Frameworks

The interpretation of the proposed frameworks centers on a sociotechnical transition that
moves the adoption of zinc-based antimicrobial textiles beyond mere material substitution
toward a systemic healthcare evolution. At the core of this interpretation is the "Cognitive-
Clinical Nexus," which redefines "efficacy" in high-density Indian healthcare
environments as a product of both physical biocidal action and human cognition. By
establishing that approximately 78% of the perceived clinical reduction in healthcare-
associated infections is directly predicated on staff awareness (R’=0.779), the framework

interprets education not as a secondary support mechanism, but as a primary engine of the
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technology's functional success. This necessitates an evolution of the Technology
Acceptance Model (TAM), where "Perceived Usefulness" is no longer an intuitive
response to visible digital interfaces but a socially constructed "Cognitive Trust" developed

through tech-literacy and an understanding of microscopic biocidal mechanisms.

Furthermore, the framework interprets the "Nursing Gap" (p=3.14 E 10°°) and the resulting
39% dissatisfaction rate as a "Compatibility Crisis" within the Diffusion of Innovations
(Dol) theory. This indicates that technical superiority—specifically the ability to kill 99%
of bacteria—is functionally neutralized if the innovation lacks ergonomic alignment with
the physical demands of frontline labor in tropical, non-air-conditioned wards.
Consequently, the proposed "Co-Design Model" interprets implementation as a
participatory process where tactile comfort and breathability are weighted as heavily as

clinical kill rates to prevent "bottom-up" resistance.

Finally, the systemic pillars of the framework interpret the "Dichotomy of Hurdles" as a
call for "Infection Justice" and "Textile Stewardship." By addressing the universal cost
barrier through Life-Cycle Costing (LCC) and the rural-urban supply divide through a hub-
and-spoke logistical architecture, the framework interprets national scaling as a fiscal and
logistical imperative rather than a purely medical one. This shift moves procurement from
a passive "purchase and distribute" mindset to an active stewardship model, aligning
India’s National Action Plan on Antimicrobial Resistance (NAP-AMR) with domestic
manufacturing incentives (PLI schemes) and fiscal reclassification. Ultimately, the

framework posits that the modernization of infection control in the Global South requires
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an integrated alignment of clinical proof, economic feasibility, and user-centric design to

ensure long-term institutional resilience.

5.4 Strengthening Public Hospital constraints in India

The constraints in public hospitals in India need to be resolved well, only then it will
enhance the use of antimicrobial fabrics to achieve significant reduction in HAIs. A Value-
Based Procurement system can be developed. Public procurement bodies (e.g.,GeM)
should move beyond the "lowest initial bid" and adopt Long-term Cost-of-Ownership
(LCO) models. The Economic Offsets have to be tactfully managed. Administrators should
be provided with data showing how reduced treatment costs for HAIs offset the initial
expense of the fabric. There should be an impressive Tax and Tariff Relief for the users of
antimicrobial fabrics. Reducing GST on antimicrobial fabrics used in public hospitals can
make the technology affordable without sacrificing manufacturer margins. Managing
Nursing Workload and Experience is also very critical and rate limiting step in this
process. The idea of Comfort-First" Redesign should be considered by antimicrobial
fabric manufacturers. : Manufacturers must develop lighter, more breathable yarn blends
that are "Nurse-Approved" for 12-hour wearability in varied climates. Hospitals should not
deploy these fabrics without a mandatory "Tech-Literacy" workshop, as awareness is the
primary driver of perceived efficacy. To prevent the degradation of fabric feel and
performance reported by staff, standardized protocols for chemical compatibility and
temperature must be established. Bridging the Rural-Urban Divide is the key game
changer in this initiative. The research highlights a significant geographic disparity in the

accessibility and perception of antimicrobial technology. While urban centers grapple with
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cost, rural healthcare facilities are often paralyzed by logistical isolation and a lack of
localized clinical validation. Bridging this divide is essential for achieving the universal
health coverage goals of the Indian healthcare system. A Localized Supply Clusters and
De-risking Inventory should be critically considered. A major finding of this study was
the significant association (p = 0.0039) between rural facility settings and frequent "out-
of-stock" scenarios. In the fragmented Indian supply chain, remote clinics often depend
on distant urban distributors, leading to high lead times and "stock-outs. The
implementation of regional supply clusters—strategically located in Tier-2 and Tier-3
cities—can serve as "buffer zones." By maintaining localized inventory, manufacturers can
"de-risk" the procurement process for small, remote institutions, ensuring that life-saving
antimicrobial linens are as available in a village PHC (Primary Health Centre) as they are
in a metropolitan private hospital. The '"Last Mile" Solution of establishing these clusters
reduces the reliance on complex, long-haul logistics, thereby lowering transportation costs
and making the technology more attractive to rural administrators who prioritize supply
reliability. Controlled Pilot Programs should be instituted for building local trust. The
study indicated that safety perceptions and adoption intent vary between urban and rural
patient populations. In many rural settings, there is a natural skepticism toward "high-tech"
chemical treatments in fabrics. Rather than relying on urban-centric or laboratory data, the
government should fund Rural Controlled Pilot Programs. These trials, conducted
within local community health centers, provide tangible evidence that the technology
works in non-AC, dusty, or high-humidity environments typical of rural India. By

involving local community leaders and healthcare workers in these pilots, the
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technology moves from being a "foreign concept' to a locally validated safety measure.
Witnessing a reduction in localized infection rates through these pilots is the most effective
way to secure the "social license" required for mass adoption in rural sectors. Production-
Linked Incentive (PLI) will give a good boost to Scaling up manufacturing operations to
achieve affordability of antimicrobial fabrics. To resolve the universal cost barrier
identified in the study (p = 0.5707), the manufacturing ecosystem must transition from
niche production to mass-market scale. The introduction of a Production-Linked
Incentive (PLI) scheme specifically for zinc-based medical textiles would encourage
Indian textile manufacturers to invest in the specialized machinery and raw materials
required for antimicrobial infusion. PLI schemes reward incremental sales, which drives
manufacturers to maximize output. This mass production naturally triggers Economies of
Scale, significantly driving down the unit cost of antimicrobial bedsheets and gowns. Once
the price reaches a "tipping point" through domestic mass production, the technology
becomes financially viable for the vast network of public hospitals and rural clinics that

currently find it cost-prohibitive.

5.5 Policy Implementation Roadmap

The provided strategic framework delineates a multifaceted implementation roadmap
designed to transition zinc-based antimicrobial textiles from a localized innovation to a
national clinical standard within the Indian healthcare sector. This roadmap is anchored by
four strategic pillars—Fiscal, Operational, Educational, and Maintenance—each

addressing a specific systemic bottleneck identified during the research process. The Fiscal
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pillar mandates a transition from traditional, price-centric procurement models toward a
value-centric approach utilizing Life-Cycle Costing (LCO). This shift is essential to
overcome the universal cost barrier by reframing the technology as a long-term investment
that generates economic offsets through reduced infection rates and shorter hospital stays.
Operationally, the roadmap seeks to resolve the identified "Compatibility Crisis" by
prioritizing nursing User Experience (UX) and ergonomic comfort. By focusing on
breathability and tactile suitability for the Indian climate, administrators can mitigate
frontline resistance and ensure that technical efficacy is not neutralized by physical
discomfort.

The Educational pillar serves to bridge the 78% gap between material and perceived
efficacy by enhancing tech-literacy among healthcare personnel. Because the biocidal
action of zinc ions is invisible, this pillar establishes the "Cognitive Trust" necessary for
staff to value and correctly manage the textiles as active medical devices rather than passive
linens. Finally, the Maintenance pillar focuses on the development of specialized laundry
Standard Operating Procedures (SOPs) to preserve both the physical and biocidal integrity
of the textiles over their intended lifespan. Together, these pillars transform the National
Action Plan on Antimicrobial Resistance (NAP-AMR) from a high-level policy into an
actionable field guide, ensuring that the modernization of infection control is both clinically

effective and systemically sustainable.

5.6 Synthesis of the Strategic and Practical Implications for India
The strategic framework for the implementation of zinc-based antimicrobial textiles is

designed to directly address identified systemic vulnerabilities, providing a holistic

169



approach to strengthening Indian healthcare infrastructure. By synthesizing the research
findings, limitations, and future directions, this study transitions the use of zinc-infused
fabrics from a theoretical proposition to an actionable model for reducing healthcare-
associated infections. Central to this roadmap is the requirement to move beyond traditional,
price-sensitive procurement toward a value-based model that accounts for long-term
clinical and economic benefits. Furthermore, the framework highlights that the success of
these biomedical materials is contingent upon resolving the "Nursing Gap" through
ergonomic improvements and bridging the "Cognitive-Clinical Link" through enhanced
tech-literacy among healthcare personnel. This integrated strategy ensures that clinical
efficacy is supported by operational compatibility and administrative stewardship.
Ultimately, this sociotechnical blueprint provides a foundation for more effective infection
control frameworks, fostering institutional resilience and establishing a definitive standard

for smart medical textiles in India.

5.7. Chapter Summary and Transition

This final section provides a synthesis of the research findings and outlines the subsequent
trajectory for the modernization of infection control in India. The study has successfully
identified a "Dichotomy of Hurdles," establishing that the transition to zinc-based
antimicrobial textiles is not a simple material upgrade but a profound sociotechnical
transformation. By confirming the "Cognitive-Clinical Nexus" through linear regression
(R2=0.779, p<0.001), the analysis proves that approximately 78% of the technology's

effectiveness is predicated on staff awareness and tech-literacy. Furthermore, the
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identification of the "Nursing Gap" (p=3.14E°) and the resulting 39% dissatisfaction rate
underscores a critical "Compatibility Crisis," where technical superiority is neutralized by
physical discomfort and poor user experience in non-air-conditioned clinical environments.
These empirical results have been interpreted through an evolved Technology Acceptance
Model (TAM) and the Diffusion of Innovations (Dol) theory, introducing "Cognitive

Trust" as a necessary mediator for invisible health technologies.

The research further translated these insights into a strategic implementation roadmap,
advocating for a shift toward "Textile Stewardship" and value-based procurement models.
By addressing the universal cost barrier (p=0.5707) and the rural-urban supply divide
(p=0.0039), the study provides a pathway for national scaling that aligns clinical safety
with social equity and environmental safety. While the study is bounded by limitations
regarding perceived versus objective efficacy, it establishes a rigorous foundation for future
longitudinal inquiries and Randomized Controlled Trials (RCTs). This comprehensive
blueprint ensures that the integration of smart medical textiles in the Global South is backed
by scientific rigor and user-centric design. As the discussion of these findings concludes,
the following chapter transitions into the final recommendations and policy frameworks

required to institutionalize these innovations within the Indian public health sector.
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CHAPTER VI
CONCLUSION

6.1. Introduction

This concluding chapter synthesizes the empirical evidence and theoretical expansions
established in the preceding analysis of zinc-based antimicrobial textiles within the Indian
healthcare landscape, offering a holistic perspective on the transition from material
innovation to systemic utility. The research successfully bridged the gap between
laboratory-validated biocidal efficacy and real-world clinical application, identifying a
critical "Cognitive-Clinical Link" wherein staff awareness acts as the primary driver of
perceived technology performance, accounting for a substantial 78% of the variance in
effectiveness. By quantifying the "Nursing Gap," the discussion highlighted a profound
disparity in user satisfaction, revealing that technical superiority is frequently undermined
by ergonomic "Compatibility Crises" and physical discomfort—specifically regarding
breathability—in the demanding, often non-air-conditioned clinical environments

characteristic of the Global South.

Furthermore, the systemic analysis exposed a "Dichotomy of Hurdles" that complicates
national scaling, ranging from universal economic inelasticity and price-centric
procurement barriers to a geographically polarized "Rural-Urban Supply Divide" that
restricts the "trialability" of innovations in resource-constrained settings. Collectively,
these findings reframed infection control as a multifaceted sociotechnical transformation,
evolving the Technology Acceptance Model (TAM) through the introduction of "Cognitive

Trust" as a necessary mediator for invisible technologies. By operationalizing India’s
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National Action Plan on Antimicrobial Resistance (NAP-AMR), this study moves beyond
passive material science to propose the novel paradigm of "Textile Stewardship," asserting
that the management of hospital linens must be integrated into the frontline defense against
multi-drug-resistant organisms through a Co-Design model that aligns clinical, fiscal, and

ergonomic incentives.

Despite these robust insights, the study acknowledges certain limitations, primarily its
reliance on perceived efficacy rather than direct clinical bioburden measurements, and its
cross-sectional design which precludes long-term observations of antimicrobial durability.
Consequently, this chapter outlines a definitive roadmap for future research, advocating for
multi-center Randomized Controlled Trials (RCTs) and rigorous Health Economic
Evaluations to quantify the objective return on investment. By addressing these
foundational gaps, the subsequent sections provide the strategic framework necessary to
transform this sociotechnical blueprint into a standardized clinical practice, ensuring that
the modernization of infection control in India is underpinned by both scientific rigor and

social equity.

6.2 Summary of Key Findings

The research identifies a "Dichotomy of Hurdles," suggesting that the transition to zinc-
based antimicrobial textiles in the Indian healthcare sector constitutes a sociotechnical
transformation rather than a mere material upgrade. While the technology is clinically
sound, its success is mediated by a complex interplay of human cognition and systemic

architecture, establishing a "Cognitive-Clinical Nexus" where efficacy has transitioned
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from a purely physical attribute to a cognitive one. Linear regression analysis underscores
this shift, revealing that staff awareness serves as the primary engine of efficacy by
accounting for approximately 78% of the perceived clinical reduction in healthcare-
associated infections (R2=0.779, p<0.001). This "human-in-the-loop" requirement
indicates that when personnel comprehend the underlying biocidal mechanisms of zinc ions,
they are significantly more likely to integrate the technology into standard protocols
(p=0.0109), often triggering a "hygiene halo effect" that improves ancillary behaviors like
hand hygiene. However, the path to national scaling is obstructed by systemic operational
barriers, where a high cost-barrier acts as a "blind" deterrent (p=0.5707) affecting urban
and rural facilities with equal severity. This economic inelasticity, evidenced by a strong
correlation between adoption and financial feasibility (r=0.8718), necessitates a discursive
shift from unit price toward the "economics of prevention." Furthermore, a distinct "Rural-
Urban Supply Divide" (p=0.0039) characterizes the logistical landscape; while urban
centers struggle with pricing, rural facilities face a fundamental lack of supply stability,
which blocks the "trialability" essential for the diffusion of innovations. Perhaps most
critically, the study identifies a profound "Nursing Gap," where a significant disparity in
satisfaction scores (p =3.14E10°) reveals a conflict between administrative focus on
clinical efficacy and the practical burdens of daily use. Thematic analysis indicates that
39% of qualitative feedback centres on poor user experience, specifically regarding a lack
of breathability and tactile comfort in non-air-conditioned wards, creating a "compatibility
crisis" where technical superiority is neutralized by physical discomfort and subsequent

bottom-up resistance.
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6.3 Study Contributions

6.3.1. Theoretical Contributions

This research significantly advances the Technology Acceptance Model (TAM) and
Diffusion of Innovations (Dol) theory by contextualizing these frameworks within the
volatile public health landscape of an emerging economy. While these models are
traditionally applied to digital software or hardware, this study extends their utility to
biomedical materials where the technology is "embedded" and its primary function remains
invisible to the naked eye. In refining TAM, the study introduces "Cognitive Trust" as a
necessary mediating variable for antimicrobial textiles, addressing the "Invisibility
Challenge" inherent in biocidal materials. Unlike a software interface that provides
immediate visual feedback, the microscopic action of zinc ions requires that "Perceived
Usefulness" be constructed through technical literacy rather than direct observation. The
research demonstrates that awareness is not merely a precursor to adoption but is a
functional component of the technology itself; by establishing the Awareness-Efficacy
Link (R2 = 0.779), it proves that without education, Cognitive Trust is not established,

leading to a significant drop in behavioral intention to maintain hygiene protocols.

Furthermore, the study expands Rogers’ Diffusion of Innovations theory by identifying a
structural "Nursing Gap" and introducing the concept of "Adoption Friction." This
phenomenon describes a state where an innovation possesses a high "Relative
Advantage"—statistically proven pathogen reduction—yet suffers from a severe lack of

"Compatibility" with the user's physical environment. The finding that 39% of negative
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feedback centres on tactile discomfort and thermal breathability illustrates how physical
irritation acts as a "laggard anchor" among nursing staff. This contribution emphasizes that
for medical textiles, ergonomic compatibility serves as a critical prerequisite that can
outweigh clinical superiority in the diffusion lifecycle, particularly in non-air-conditioned
clinical settings where technical superiority may be neutralized by the increased physical

burden placed on frontline workers.
6.3.2. Practical Contributions

To transition zinc-based antimicrobial textiles from a localized innovation to a national
standard, the implementation strategy must evolve beyond clinical validation toward a
systemic reform that aligns economic, ergonomic, and logistical incentives. The current
procurement culture in India, dominated by the "Lowest Bidder" (L-1) mandates of the
Government e-Marketplace (GeM), is fundamentally incompatible with advanced medical
textiles, necessitating a shift toward Value-Based Procurement and Life-Cycle Costing
(LCC) models. By evaluating cost-per-use—factoring in the 50+ wash durability of zinc-
infused fabrics and the subsequent reduction in expenditures related to Healthcare-
Associated Infections (HAIs)—the initially higher purchase price is offset by long-term
savings in ICU stays and high-end antibiotics. Addressing the "Nursing Gap" (p=3.14E10
%) further requires a "Frontline-First" design philosophy, where manufacturers prioritize
moisture-wicking and air-permeability to satisfy a "Breathability Index" suitable for non-
air-conditioned Indian wards. Participatory design through "Comfort Audits" with nursing
staff is essential to transform primary users from sources of passive resistance into

technological champions. To bridge the rural-urban supply divide (p = 0.0039), a
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specialized "Hub-and-Spoke" logistical architecture is proposed, utilizing regional
antimicrobial hubs for centralized distribution and specialized laundering to preserve zinc-

ion integrity.

Furthermore, overcoming the "Universal Cost Barrier" (p = 0.5707) requires top-down
fiscal interventions to democratize access, shifting the market from niche, high-margin
production to a high-volume, "public health" model. This can be operationalized by
including zinc-based medical textiles under the Ministry of Textiles' Production-Linked
Incentive (PLI) schemes, thereby triggering economies of scale that lower the "cost per
meter" and support the "Atmanirbhar Bharat" initiative for domestic self-reliance. Finally,
fiscal relief through GST reclassification is necessary; by designating these fabrics as
"Essential Life-Saving Equipment" or "Infection Control Devices" rather than standard
commercial textiles, the government could offer zero-rated or 5% GST status. This
reduction in "landing cost" would allow public hospitals to justify larger inventories,
ultimately prioritizing long-term public health savings—achieved through reduced

infection rates and lower antibiotic consumption—over immediate tax revenue.

6.4. Limitations

While this research provides robust statistical support for the integration of zinc-based
textiles within the Indian healthcare sector, several limitations define the scope of its
generalizability and serve as a necessary foundational "reality check" for subsequent
inquiry. The primary constraint lies in the study’s reliance on the professional perceptions

of healthcare personnel (N=130) rather than direct, objective clinical measurements.
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Consequently, the data reflects "Perceived Efficacy," which, while a critical driver of
technology adoption and the Awareness-Efficacy link, does not serve as a substitute for
laboratory-confirmed reductions in surface bioburden or patient infection rates.
Furthermore, the cross-sectional nature of the study captures a singular "snapshot" of the
healthcare landscape, omitting longitudinal assessments of fabric performance over years
of industrial laundering or the potential emergence of microbial resistance to zinc-based
agents over time. Additionally, the subjectivity inherent in clinical metrics, specifically

"

regarding a "noticed reduction in HAIs," introduces anecdotal variability that may be
influenced by cognitive biases. Respondents aware of the technology’s advanced nature
may be susceptible to recall or confirmation bias, reporting improvements that have yet to
be formalized in a clinical ledger. This is further complicated by confounding variables
within the complex hospital environment, where concurrent interventions—such as

updated hand hygiene campaigns or revised sterilization protocols—make it difficult to

isolate antimicrobial textiles as the sole causative agent through survey-based data alone

6.5. Future Research Directions

To transition from theoretical potential to standard clinical practice, future research must
shift toward objective, longitudinal, and economically quantified methodologies, primarily
through the execution of multi-center Randomized Controlled Trials (RCTs). These trials
should utilize a comparative framework between "Antimicrobial Wards" and
"Conventional Wards" over a 12-to-24-month period to measure objective metrics, such as

Colony Forming Units (CFU) on textile surfaces and the clinical incidence of site-specific
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infections, including Ventilator-Associated Pneumonia (VAP) and Surgical Site Infections
(SSI). Longitudinal durability testing is also essential to track biocidal efficacy across 25,
50, and 100 industrial wash cycles, thereby establishing an empirical "expiry date" for the

fabric’s protective properties.

Furthermore, a comprehensive Health Economic Evaluation is required to shift institutional
decision-making from "Price-Sensitivity" to "Value-Adoption" by calculating the Total
Cost of Ownership (TCO). This evaluation must incorporate initial procurement costs and
specialized laundering overheads, weighed against the significant savings generated by
reduced "Length of Stay" (LOS), fewer laboratory diagnostics, and a decreased reliance on

high-end antibiotics.

Finally, addressing the "Nursing Gap" necessitates ergonomic and psychological
longitudinal studies, including wearability trials that investigate the physiological impact
of different yarn blends on skin health and thermal comfort during high-stress clinical shifts.
By rigorously addressing these areas, future research can transform this sociotechnical
blueprint into a definitive clinical standard, ensuring that India’s transition to smart medical

textiles is underpinned by the highest level of scientific and economic evidence.

6.6 Chapter Summary

This research serves as a sociotechnical blueprint for the modernization of infection control
in the Global South, transcending traditional material science to examine the systemic

architecture of the Indian healthcare sector through three distinct levels of contribution. By
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translating laboratory-proven antimicrobial theories into measurable real-world results, the
study validates the performance of zinc-based textiles within the unique operational context
of Indian hospitals, thereby bridging a vital knowledge gap. A primary contribution is the
empirical validation of the "Cognitive-Clinical Nexus"; while the importance of training is
qualitatively recognized, this study quantifies it, demonstrating that 78% of a preventative
technology's effectiveness is predicated upon staff awareness (R2=0.779). This establishes
that in medical settings, the cognitive "software" of human knowledge is as critical as the
material "hardware" of the antimicrobial fabric. Furthermore, the study quantifies the
"Nursing Gap," identifying a significant operational roadblock previously relegated to
anecdote. By revealing a highly significant statistical disparity in satisfaction (p < 0.001),
the research highlights that nurses—the primary end-users—are the most underserved by

current technological designs, creating a systemic bottleneck that prevents effective scaling.

Beyond its clinical findings, the data underscore a broader significance, revealing
implications that intersect with ethical practice, social equity, and environmental
sustainability. The adoption of antimicrobial textiles is presented not merely as a technical
upgrade but as a multidimensional intervention with profound consequences for social
justice and ecological stewardship. By reframing "Infection Justice," the study argues that
antimicrobial protection must not remain a premium service for elite urban hospitals.
Highlighting the Rural-Urban Supply Divide (p=0.0039), it asserts that patients in rural
public health centres possess a fundamental right to a sterile environment equal to those in
private metropolitan facilities. Additionally, the research emphasizes environmental

stewardship, noting that the zinc-based technology studied is non-leaching, unlike silver-
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based or chemical-heavy treatments. This aligns healthcare advancement with ecological

safety, ensuring that pathogen mitigation does not result in the contamination of local water

bodies.

Regarding the practical and scholarly applications of these findings, the study offers a
strategic roadmap for policymakers and hospital administrators to transition from passive
procurement to active stewardship. By operationalizing India’s National Action Plan on
Antimicrobial Resistance (NAP-AMR), the research translates high-level policy objectives
into an actionable field guide and introduces the paradigm of "Textile Stewardship,"
positioning hospital linen management as a frontline defence against multi-drug-resistant
organisms. Furthermore, the study advocates for a fundamental shift in clinical practice
through a "Co-Design Model," mandating that procurement strategies incorporate
ergonomic validation by frontline staff. This ensures that antimicrobial textiles are not only
clinically potent but also optimized for breathability and wearability within the constraints
of the Indian climate. Ultimately, by establishing these empirical benchmarks, the study
provides a foundation for future Randomized Controlled Trials (RCTs) and Health
Economic Evaluations, which will be vital in quantifying the objective return on
investment regarding mortality reduction and the containment of antibiotic-related

expenditures.
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APPENDIX A INFORMED CONSENT

Title of Study:

Antimicrobial Fabrics in Infection Control: Evidence and Implementation in India’s

Healthcare System

Investigator:
Chaitanya Nimkar

Email: nimkarchaitanya@gmail.com

Purpose of the Study

This study explores how Zinc-based antimicrobial fabrics can be used in Indian healthcare
system to reduce Hospital Acquired Infections (HAIs) in patients thereby reducing
unnecessary hospital visits and reducing the patient load of Health Care Professionals
(HCPs). This survey will be conducted in rural as well as urban settings and will engage
relevant stakeholders like hospital administrators, doctors, nurses, patients, laundry
workers, etc. It will also delve in identifying the enablers and understanding the barriers
for the enhanced use of antimicrobial fabrics in hospital settings. It will also give us an
insight on the government policies to increase awareness about these fabrics and initiatives
to foster more production and use of antimicrobial fabrics. This research is conducted as part
of a continuing study under Swiss School of Business and Management (SSBM), Geneva

and has received institutional ethical clearance.
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mailto:nimkarchaitanya@gmail.com

Your Role as a Participant

You are invited to participate ina survey and will need approximately 10-15 minutes. The
survey is questionnaire-based form, which is having open-ended multiple choice questions
pertaining to use of antimicrobial fabrics in Indian healthcare system, challenges in
adaptation and policies to reduce hospital acquired infections. You will also be requested to

write your comments or suggestions in this context.

Confidentiality
Your identity and responses will be kept strictly confidential. No names or identifiable
information will appear in any published materials. Data will be stored securely and used

solely for academic purposes.

Voluntary Participation
Your participation is completely voluntary. You may choose not to answer specific questions

or withdraw your participation from this survey at anytime without any penalty.

Consent Statement
By signing below, you confirm that you have read and understood the information above, and

that you voluntarily agree to participate in this research.
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Participant’s name

Participant’s signature

Date

Researcher Signature

Thank you very much for your kind cooperation and valuable time.

With WarmestRegards

Chaitanya Nimkar
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APPENDIX B SURVEY PLAN

Study Title:
Antimicrobial Fabrics in Infection Control: Evidence and Implementation in India’s

Healthcare System

Target Stakeholders:
Doctors
Nurses
Operation Theatre Specialists
Laundry Workers
Hospital Administrators / Managers

Patients / Community Members

Survey Logistics

Format : Questionnaire based survey form
Number of participants : 130

Duration : 10-15 minutes

Mode : In-person

Language : English
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APPENDIX C SURVEY QUESTIONNAIRE

Survey Questionnaire for Assessment of
Antimicrobial Fabrics in Infection Control: Evidence and Implementation in India’s

Healthcare System

Section A: Background Information

1. Role (select one):

U] Doctor

L] Nurse

L] Operation Theatre Specialist

U] Laundry Worker

L] Hospital Administrator / Manager

L] Patient / Community Member
2. Setting:

0] Urban hospital
L] Rural hospital
[ Clinic
3. Years of experience in healthcare (skip if patient):

[ <5 years

L1 5-10 years
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01 10-20 years
01 > 20 years

Section B: Awareness & General Perception

4. Have you heard of antimicrobial zinc-based fabrics in healthcare?

O Yes

O No

5. How important are antimicrobial fabrics in preventing infections and antimicrobial

resistance (AMR)?
O] Very important
L] Important
L] Neutral
] Not important

Section C: Stakeholder-Specific Experience

(z **Doctors / Nurses / OT Specialists**

6. Have you used antimicrobial fabrics (uniforms, drapes, masks, bedsheets)?

O Yes

O No

7. If yes, rate your experience:

Factor : Excellent Good Neutral Poor Very Poor

Comfort & breathability 01 O [ O O
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Safety / Skin tolerance [ [ [1 [0 [
Perceived infection reduction O OO O O O

Ease of use in clinical practice 1 1 [0 [0 [

8. Have you noticed reduced hospital-acquired infections (HAIs) or cross-contamination

with such fabrics?

0] Significant reduction
L] Some reduction

L1 No change

L] Not sure

(3 **Laundry Workers**

9. How easy are antimicrobial zinc-based fabrics to wash compared to normal fabrics?

[0 Much easier
0 About the same

L] More difficult

10. Have you noticed any issues with fabric durability, color fading, or texture change
after repeated washing?

L] Yes (please specify):

O No

(7 ** Administrators / Managers**

11. How affordable are antimicrobial fabrics compared to current alternatives?

188



[ Very affordable
[1 Affordable

[1 Neutral

[1 Expensive

L1 Very expensive

12. Would your facility consider replacing existing fabrics with antimicrobial zinc-based

fabrics?

L] Definitely yes
[1 Probably yes
[1 Not sure

L1 Probably not

L] Definitely not

13. What challenges do you anticipate in large-scale adoption? (Select all that apply)

[1 High cost

[] Limited suppliers / availability
[] Staff acceptance

[] Durability concerns

[] Training/awareness gaps

[1 Regulatory/approval issues
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(7 **Patients / Community Members**

14. Would you feel safer if hospitals used antimicrobial fabrics(bedsheets, gowns, staff
uniforms)?

O Yes, much safer
[ Yes, somewhat safer
[ No difference

[ Not sure

15. Would you support government or hospital investment in such fabrics if it improves

infection control?

L] Strongly support
] Support
[] Neutral

[ Do not support

Section D: Overall Feedback (For All Respondents)

16. Overall satisfaction with antimicrobial zinc-based fabrics:

* % % % % x (Excellent)
* % % % * (Good)

* # # * (Neutral)

* % % (Poor)

* % (Very poor)

190



17. What is the most important benefit of antimicrobial zinc-based fabrics in your view?

[ Infection prevention / AMR control
[1 Cost savings in long run

[ Staff safety

[] Patient safety

[1 Durability compared to normal fabrics

18. Open comments or suggestions for improvement:
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