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Abstract—For the past decade, I have had the privilege of working at the intersection of
manufacturing excellence, product innovation, and supply chain transformation within the personal
protective equipment (PPE) industry, with a primary focus on safety footwear, safety boots, and
industrial head protection. During this journey with the Delta Plus Group, particularly across its
Indian manufacturing operations, I have witnessed first-hand how the expectations of industrial
safety have evolved—from merely complying with standards to creating products that are lighter,
smarter, more sustainable, and better aligned with the needs of the modern workforce.

Equally valuable has been the opportunity to visit and learn from some of the world’s most advanced
manufacturing facilities across Brazil, Italy, France, China, and the Middle East. These experiences
provided practical exposure to world-class manufacturing systems, advanced automation, lean
production philosophies, polymer processing technologies, and globally benchmarked supply chain
practices. More importantly, they reinforced a simple realisation: India’s PPE industry possesses
immense manufacturing capability, but the next leap in global competitiveness will come not from
lower production costs alone, but from innovation, sustainability, intelligent manufacturing, and
resilient supply chain ecosystems.

This research paper has therefore been developed not as a purely academic exercise, but as a
practitioner’s perspective shaped by factory floors, production lines, supplier development,
technology transfer projects, product development initiatives, and continuous improvement
programmes. It reflects observations accumulated over years of operational leadership, engineering
problem-solving, and collaboration with multidisciplinary teams

across manufacturing, research and development, procurement, quality assurance, engineering, and
supply chain functions.

Throughout my professional journey, I have been fortunate to contribute to several product and
process innovation initiatives aimed at improving both operational efficiency and product
performance. These include exploring circular-economy concepts through polyurethane recycling
using glycolysis; developing lightweight safety shoe constructions that reduce worker fatigue without
compromising protection; advancing highly stretchable, lower-modulus polyurethane formulations
for flexible industrial safety boots; designing some of the lightest PU safety boot concepts suitable for
demanding industrial environments; researching environmentally responsible, home-grown green
ionic antistatic liquid technologies as alternatives for electrostatic discharge protection; and
investigating antibacterial polyurethane sole technologies intended for pharmaceutical, healthcare,
food processing, and cleanroom applications.

Innovation has also extended beyond materials. Significant effort has gone into adhesive-free upper
construction methods that simplify manufacturing while improving recyclability, together with the
evaluation of alternative upper materials capable of reducing environmental impact without
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sacrificing durability or safety compliance. These initiatives reflect an ongoing belief that product
engineering and sustainability should evolve together rather than as independent objectives.

From an operational perspective, continuous improvement has remained a central theme of my work.
By integrating Lean Manufacturing, TPM, process reliability, production planning, quality
engineering, and supply chain optimisation, multiple initiatives have focused on improving Overall
Equipment Effectiveness (OEE), reducing manufacturing losses, lowering cost of goods sold,
optimising energy consumption, improving material yield, strengthening process capability, and
enhancing statutory and regulatory compliance across manufacturing operations. While each
improvement may appear incremental in isolation, collectively they have contributed to building more
competitive, efficient, and resilient manufacturing systems.

Perhaps the greatest lesson from these experiences, however, is that the future of the Indian PPE
industry cannot be secured through incremental improvements alone. The emergence of Industry 5.0
presents an opportunity to fundamentally redefine how safety products are designed, manufactured,
supplied, and recycled. Human-centric manufacturing, artificial intelligence, collaborative robotics,
digital twins, intelligent supply chain control towers, green chemistry, circular polymer technologies,
predictive analytics, and digitally connected manufacturing ecosystems are

no longer concepts for the distant future—they are becoming strategic necessities for organisations
aspiring to compete globally.

This paper therefore proposes a practical roadmap for embedding Industry

principles into the Indian PPE and safety footwear industry. It combines manufacturing technology,
material science, sustainability, digital transformation, and supply chain excellence into a unified
framework designed specifically for Indian manufacturers. Rather than replicating global practices,
the emphasis is on developing indigenous technologies, strengthening domestic innovation capabilities,
reducing dependence on imported materials, and positioning India as a global centre for sustainable
PPE manufacturing.

The ideas presented throughout this paper are intended to stimulate discussion, encourage
collaborative innovation between industry and academia, and inspire manufacturers to think beyond
compliance and conventional production methods. If even a small portion of these concepts
contributes to making Indian PPE manufacturing more innovative, more sustainable, and more
globally competitive, then this work will have achieved its purpose. Ultimately, the ambition is not
simply to manufacture better safety products, but to help build an ecosystem where technology,
sustainability, operational excellence, and human ingenuity work together to protect people while
strengthening India’s position as a global leader in the PPE industry.

I The Evolution from Industry 4.0 to Industry 5.0

For a generation, our measure of progress in manufacturing has been the relentless pursuit of
automation and data. We have been conditioned to think in terms of Overall Equipment Effectiveness
(OEE), throughput, and cost-per-unit. These are vital metrics, the language of the factory floor. But they
no longer tell the whole story. To understand where we must go, we must first be brutally honest about
where we have been.

The industrial revolutions are not abstract historical concepts; they are tangible shifts [ have witnessed on
shop floors across India. The remnants of Industry 2.0’s electrical conveyor systems still exist in older
plants. I personally oversaw the installation of our first Siemens PLCs in the late 1990s, an embodiment of
Industry 3.0 that felt revolutionary at the time.

The journey through these phases has been a logical progression:

* Industry 1.0 (ca. 1784): The mechanization of production powered by steam and water. The
first stirrings of the factory system.
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* Industry 2.0 (ca. 1913): The application of electricity to enable mass production, epitomized
by Henry Ford’s moving assembly line in Highland Park.

* Industry 3.0 (ca. 1969): The dawn of automation through electronics and information
technology, with the Programmable Logic Controller (PLC) as its cornerstone, allowing for
automated sequences and control.

* Industry 4.0 (ca. 2011): Coined at the Hannover Messe in Germany, this paradigm fused the
physical and digital worlds through Cyber-Physical Systems (CPS), the Internet of Things (IoT),
and cloud computing, promising the “smart factory.”

Industry 4.0, for all its ambition, was predicated on a fundamental, and in my view flawed, premise: the
pursuit of the “dark factory”—a fully autonomous operation where human intervention is minimized to
the point of near-extinction. This vision proved to be a mirage, particularly for labor-intensive and
high-mix industries like ours.

The Pillars of Industry 5.0: A Plant-Floor Perspective

The European Commission’s High-Level Expert Group formally articulated the concept of Industry 5.0
in 2021, not as a successor that invalidates 4.0, but as a corrective evolution. It reframes the purpose of
technology from merely driving efficiency to serving human and societal needs. It is built on four
pillars that resonate deeply with the challenges we face daily.

Human-Centricity

Industry 4.0 asked, “How can we replace this human task with a machine?” Industry 5.0 asks, “How
can we augment this human operator’s skill with technology?” This is a profound difference. I’ve seen
a skilled footwear artisan take 45 seconds to perfectly last the toe of a complex safety boot—a task of
dexterity and feel that would require millions in robotics and vision systems to replicate imperfectly.
The 5.0 approach is not to replace him. It is to give him a KUKA LBR iiwa collaborative robot that
pre-positions the heavy upper on the last and applies adhesive with perfect consistency, freeing him to
focus his entire skill on the critical final shaping. His productivity doubles, defect rates fall, and his
ergonomic strain is eliminated. He is not a component; he is the orchestrator.

Sustainability

For years, sustainability was a CSR report, a line item under compliance. Industry 5.0 elevates it to a
core operational and strategic principle. The EU’s CBAM makes this a P&L issue. An Industry 4.0
approach might use a sensor to optimize an oven’s temperature to save 3% on energy. An Industry 5.0
approach re-examines the entire value chain. It involves using AI-powered vision systems from a
company like NVIDIA Metropolis on the recycling line to precisely sort shredded PU, PVC, and
nitrile from old boots, achieving a purity level that allows them to be re-compounded into midsoles.
This isn’t just waste reduction; it’s creating a secure, circular source of raw material, insulating us from
volatile commodity prices.

Resilience

The fragility of “just-in-time” global supply chains was brutally exposed, first by the pandemic and
then by subsequent geopolitical shocks. A shipment of DuPont™ Kevlar® stuck at a port can halt
production of high-performance gloves for weeks. Industry 5.0 champions antifragility. This means
building supply chain control towers, not as passive dashboards, but as active, predictive command
centers. If a flood disrupts rail lines from our polymer supplier in Dahej, a 5.0-enabled system, running
on a platform like SAP S/4HANA, doesn’t just alert us. It has already simulated alternatives, calculated
the landed cost of air-freighting from a secondary supplier in Thailand, and presented a real-time,
optimized decision to the supply chain manager.
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Personalization

Mass production is yielding to mass personalization. The market no longer just wants a size 9 steel-toe
boot. It wants a boot for a specific worker with a specific foot geometry, working in a specific
environment. Industry 4.0 was designed for millions of identical units. Industry 5.0 is designed for a lot
size of one. This means integrating a worker’s 3D foot scan directly into the CAD/CAM system, which
then instructs a direct-injection molding machine to create a dual-density PU sole with customized arch
support, all while embedding an RFID tag that links the boot back to that worker’s profile.

This is not science fiction; the technology exists today. The challenge is integration and execution at
scale.

Why Industry 4.0 Fell Short in Our Sector

The obsession with full automation—the dark factory fallacy—ignored economic and operational
reality. Consider the stitching of a fire-retardant Nomex jacket. The process requires manipulating
flexible fabric through complex seams. A fully automated robotic cell to do this would cost upwards of
USD 750,000, be a nightmare to program for new designs, and still struggle with material variations.

A skilled operator, earning 25,000 per month, does this with remarkable speed and quality. The return
on investment for full automation simply isn’t there. Industry 4.0, in its purest form, saw this operator as
a problem to be solved. Industry 5.0 sees her skill as an asset to be amplified. It provides her with a
smart, augmented-reality projection system that displays the stitch pattern directly onto the fabric,
eliminating setup time and errors, while a cobot arm manages the heavy lifting and repositioning of the
material. This hybrid model delivers the quality and flexibility of a human with the stamina and
precision of a machine. It delivers a realistic ROI.

Implications for Indian PPE Manufacturing
The shift from 4.0 to 5.0 is not uniform; it will manifest differently across product categories.
PPE (Broadly)

The focus will shift from selling standalone products to providing integrated safety solutions. A
construction firm won’t just buy helmets, vests, and boots. They will procure a connected safety
ecosystem. The value is not in the helmet, but in the data stream from the biosensors within it, integrated
with proximity sensors in the vest and location data from the boots, all feeding a central safety
dashboard that can prevent accidents before they happen.

Safety Footwear

This segment will see the most dramatic operational shift. Cobots will become standard on assembly
lines for tasks like sole roughing, adhesive application, and heavy component transport. Al-driven
computer vision will replace manual inspection, checking for bubbles in a direct-injected PU sole or
assessing the uniformity of a stitch pattern in real-time, with accuracy exceeding 99.8%. We will move
from producing 5,000 pairs of one design to 5,000 unique pairs, each customized for fit and function,
with minimal changeover time.

Safety Helmets

The helmet transforms from a passive piece of plastic into an active safety device. Embedding
low-power EEG sensors into helmet liners can monitor a worker’s brainwaves for patterns indicative
of fatigue or microsleeps, a critical factor for long-haul drivers or heavy machinery operators.
Accelerometers can detect falls, automatically triggering an alert. This data creates a powerful feedback
loop for improving workplace safety protocols and managing worker fatigue.
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Industrial Gloves

For cut-resistant and chemical-resistant gloves, the focus will be on traceability and intelligence.
Embedding a tiny, durable RFID tag in each glove allows a plant to track its usage, washing cycles, and
inspection history. This moves glove management from a disposable consumable model to a managed
asset model, reducing costs and ensuring compliance.

Integrating thin-film force sensors could provide data on grip strength, alerting a worker or supervisor to
potential ergonomic risks before an injury occurs.

Protective Clothing

The emergence of e-textiles will revolutionize this category. An FR jacket made with conductive yarns
can actively monitor a firefighter’s heart rate, core body temperature, and external heat exposure. This
information, relayed to an incident commander, allows for data-driven decisions on when to pull a
team from a hazardous environment. For high-visibility vests, embedded LEDs can be dynamically
controlled, flashing in specific patterns to warn oncoming smart vehicles of a worker’s exact location.

This chapter has set the stage. The technologies are no longer theoretical. The market pressures are no
longer distant threats. The transition is upon us. The following table crystallizes the fundamental
differences between the paradigm we are leaving and the one we must embrace.

Table: Industry 4.0 vs. Industry 5.0 in PPE Manufacturing

Dimension Industry 4.0 Industry 5.0

Technical: System efficiency,

Primary Focus ° )
automation, data collection.

Worker Role A cost, a system component to be
optimized or replaced.

Core KPI Overall Equipment Effectiveness OEE + Worker
(OEE), throughput, cost-per-unit.
Holistic: Societal, environmental,
and human value.

An asset, a creative partner to be

empowered and augmented.

well-being,
customization index,
resource circularity.

Automation Philosophy Full automation (“dark factory™): Collaborative automation:
Replace human tasks where Augment human skills
possible. with machines.

Data Utilization Descriptive and predictive: Prescriptive and
“What happened?” “What will personalized: “What
happen?” should we do?” “What is

best for this worker?”
Sustainability A matter of compliance and cost | A core value driver and
reduction (energy savings). business model (circular

economy).
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Customization Model

Mass production with limited
variants.

Mass personalization at scale
(lot size of one).

Resilience Model Just-in-Time (optimized for Just-in-Case & Antifragile
efficiency, but fragile). (designed to adapt and
strengthen from shocks).
Technology Stack IoT sensors, Cloud, Big Data Human-Robot Interaction,

Analytics, Autonomous Robots.

AI/ML for personalization,
Digital Twins, e-textiles.

Value Proposition

Selling standardized, high-quality
products at a competitive cost.

Providing personalized,
connected, and sustainable
safety solutions as a service.

My first direct-injection sole machine was a Desma from the late ‘90s. We calibrated it by feel and
sound. Today, the noise from the shop floor is different, a mix of old clamor and new data streams.
Understanding the current terrain is not an academic exercise; it’s about knowing where the competitive
fault lines are drawn. The Indian Personal Protective Equipment (PPE) market is a story of immense
volume, fragmented capabilities, and a tectonic shift waiting to happen.

Market Structure and Segmentation

The market is deceptive. On one hand, it’s a high-volume, regulation-driven behemoth. On the other,
it’s a collection of sub-markets with entirely different buyers, technologies, and margin structures.
Respiratory protection is a chemical and materials science play, driven by pharma and healthcare
procurement. Safety footwear is a mechanical engineering and polymer science discipline, sold to
construction and automotive giants. The numbers tell the story of a sector on the cusp of significant
expansion, driven by policy enforcement (the renewed focus on Occupational Safety, Health and
Working Conditions Code) and a structural increase in industrial capital expenditure.

Table 2.1: India PPE Market Segmentation (Projected)

Market Size Key Buyer

Segment FY26 (USD Mn) CAGR (FY22-26) Industries

Head Protection 310 7.2% Construction, Mining,
Manufacturing

Eye & Face Protection| 290 8.5% Manufacturing,
Chemical, Pharma

Hearing Protection 180 6.8% Automotive, Aviation,
Textiles

Respiratory Protection| 450 9.1% Healthcare,
Pharma,
Chemical,
Mining
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Hand Protection 580 7.8% Automotive, Metal
Fabrication,
Healthcare

Foot Protection 650 8.2% Construction,

Manufacturing, Oil
& Gas

Body Protection 480 7.5% Chemical, Welding,
Utilities
Fall Protection 260 9.5% Construction,

Telecom, Power
Transmission

The sheer scale of the foot protection segment—projected to be the largest category at $650
million—underscores its strategic importance. It’s the anchor of the industrial safety portfolio for most
enterprises.

A global perspective is essential. For years, India was viewed primarily as a low-cost production base.
That perspective is dated. While our share of the global market remains modest, the growth differential
is the critical insight. The Asian market is outpacing the world, and India is set to outpace Asia.

This is not just about domestic consumption; it’s about a credible challenge to established manufacturing
hubs.

## Table 2.2: Global vs. Asia vs. India PPE Market (USD Billion)

2025 Market Size| 2030 Market Sizg CAGR (2025- I(r}lldol]?asi Share
Region (Est.) (Est.) 30) (2030)
Global 92.5 128.1 6.7% -
Asia-Pacific 31.2 47.4 8.7% -
India 3.0 5.2 11.6% ~4.1%

A 4.1% global share might seem small, but growing at nearly twice the global rate means we are
systematically capturing market share. The question is whether we will do it with low-margin products
or by moving up the value chain. The answer lies in our production clusters.

### Table 2.3: Indian Safety Footwear Cluster Map

Annual
Specialisatio n Production (Mn| Estimated Export
Cluster Pairs) Employment Orientation
Kanpur, UP Leather Uppers, | 45-50 ~120,000 High (Middle
PU Direct East, Africa)
Injection
Agra, UP Welted 25-30 ~90,000 Medium
Construction, (Domestic
Leather Finishing Focus)
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Chennai/ Componentry 35-40 ~100,000 Very High
Ambur, TN , Full Shoe (Europe,
Assembly USA)
Jalandhar, PVC/ 10-15 ~30,000 Low to Medium
Punjab Gumboots,
Niche Leather
Kolkata, WB Low-Cost 15-20 ~45,000 Domestic &
Assembly, Bangladesh
Fabric Uppers

The Kanpur cluster, where giants like Superhouse and Mirza International operate, is the heart of India’s
leather safety shoe production. Chennai, with its port access and ecosystem of component suppliers, is
the gateway to Western markets. This geographical specialization is both a strength and a weakness,
creating deep expertise but also logistical bottlenecks.

The Competitive Arena: Incumbents and Challengers

The shop floor is where market share is won or lost. The players are a mix of established Indian
family-owned enterprises and multinational corporations.

Indian Stalwarts: Companies like Liberty, Bata Industrials, Karam, and Udyogi form the bedrock of
the domestic market. They possess unparalleled distribution networks and a deep understanding of local
compliance needs. Karam, for example, has built a dominant position in fall protection, while Mallcom
and Venus Safety have broad portfolios. We are also seeing strategic consolidation, such as Safari
Industries’ acquisition of the industrial and outdoor brand Zippo, signaling an ambition to
cross-polinate consumer and industrial segments. The leather footwear powerhouses—Superhouse and
Mirza International—are massive export engines, primarily in safety footwear.

Global Giants: The presence of Honeywell, 3M, MSA Safety, and DuPont is formidable. They bring
global R&D, stringent quality systems, and brand equity that allows them to command a premium. In
footwear specifically, brands like Bata’s global industrial lines (Bora), Cofra (Italy), and Jallatte
(France) have established a strong presence through direct operations or partnerships. The entry of
brands like Puma Safety, manufactured under license by Uvex, demonstrates the blurring line between
performance sportswear and industrial safety—a trend our domestic players have been slow to
recognize.

The Plant-Floor Reality: A Litany of Inefficiencies

For all the market growth, a walk through a typical safety shoe factory in Agra or Kanpur reveals a stark
reality. The gap between our operational metrics and global benchmarks is not a gap; it’s a chasm. These
are not abstract percentages; they represent cash bled from the P&L every single day.

* Automation Poverty: We celebrate a new PLC-controlled conveyor as innovation. The reality
is that less than 20% of Indian footwear and PPE units use even a basic PLC-based assembly
line. Most rely on manual movement of goods, leading to inconsistent takt times and significant
non-value-added activity.

* Labor Dependency: The skill of the Indian artisan in stitching a leather upper is world-class. It
is also a critical bottleneck. The upper-making process accounts for 60-65% of the Cost of
Goods Sold (COGS) in a standard leather boot, a figure inflated by intensive manual labor. This
creates massive variability and makes scaling difficult.
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Traceability Gaps: When a major OEM in the auto sector asks for batch traceability on a
consignment of 10,000 pairs of anti-static shoes, most suppliers cannot provide it. We might
know the month of production, but we cannot trace a defective sole back to the specific PU
batch or the machine operator. This is a ticking time bomb for recalls.

Material Wastage: I’ve seen trim scrap from PU sole moulding weighed at the end of a shift.
The numbers are consistently between 8% and 11%. The global benchmark for an efficient
moulding operation is under 3%. This is free money being left on the floor.

Inventory Bloat: Our supply chains are brittle. To compensate, we hoard raw materials. The
average Indian safety footwear manufacturer holds 78 days of raw material inventory.
World-class operations run on 42 days. That’s a month of working capital tied up in leather,
steel toes, and PU chemicals.

Lead Time Liability: A large order from a European buyer takes us 90 to 120 days from
confirmation to dispatch. Competitors in Vietnam or Eastern Europe can deliver in 45-60 days.
This isn’t just about speed; it’s about agility and responsiveness to market changes.

Energy Gluttony: Our direct injection moulding machines and curing lines are energy hogs. We
average 2.9 to 3.4 kWh of electricity per pair of shoes produced. The benchmark is 1.6 kWh.
This directly impacts cost and our already-scrutinized sustainability credentials.

Skill Deficit: We have workers, not necessarily skilled operators. At a recent plant audit, we
found that only 22% of operators running sophisticated PU direct injection machines had any
formal training from an ITI or the manufacturer. The rest were trained “on the job,” perpetuating
bad habits and quality variations.

This is the unvarnished truth of our manufacturing landscape. It is a landscape of immense potential,
hobbled by legacy processes and a deficit in technological adoption. The path forward is not about
incremental improvements. It demands a fundamental reimagining of the factory itself.

lll.  AnIndustry 5.0 Manufacturing Framework for PPE and Safety Footwear

Industry 4.0 was about smart, automated machines. Industry 5.0 is about smart people working
with smart machines. This is not a semantic distinction; it is a strategic imperative. In a country with our
demographic profile, a “lights-out” factory is a foolish goal. An augmented, highly productive workforce
is the objective. This framework reframes technology not as a replacement for labor, but as a multiplier of
human skill, resilience, and problem-solving capability.

The model rests on two pillars: augmenting the operator through Human-Centric Manufacturing and
building an intelligent operational backbone through Smart Factory Technologies.

3.1

Human-Centric Manufacturing: The Augmented Operator

The most valuable asset on my factory floor is the operator who can feel by the vibration of a lasting
machine that the cement pressure is off. The goal of Industry 5.0 is not to eliminate that intuition but
to arm it with data. We must move from a paradigm of man-vs-machine to man-and-machine.

### Augmenting the Assembly Line

Imagine a modern safety shoe assembly line. The process begins not with a stack of paper job orders,
but with a digital command.

Collaborative Robotics (Cobots): In the lasting section, where the shoe upper is stretched over
the last, a task requiring both strength and precision, we don’t replace the three operators. We
deploy a Universal Robots UR10e cobot to perform the heavy heel and toe lasting. The human
operators now manage the more intricate side-lasting, supervising two cobot cells instead of
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wrestling with one shoe. Their role shifts from manual laborer to cell controller. In component
assembly, a Techman TM12 with its embedded vision can perform the monotonous,
eye-straining task of picking and inserting eyelets, freeing up an operator for value-added quality
checks.

* Al-Assisted Production: Leather is a natural material with imperfections. Today, a skilled
‘clicker’ operator lays out dies to maximize yield, a process that is part art, part science. With an
Al-powered vision system, the operator scans the entire hide. The system projects the optimal
cutting path directly onto the leather, accounting for every flaw and maximizing material usage
by an additional 4-6%. The operator makes the final decision, but their expertise is augmented
by perfect computational geometry.

« Digital Work Instructions: The days of laminated, grease-stained instruction sheets taped to a
workbench are over. We deploy ruggedized tablets running platforms like Poka or Tulip. An
operator scanning a QR code on a job tray instantly gets the correct 3D model, work sequence,
and quality parameters for that specific SKU—say, a Metro-style ESD safety shoe versus a
standard steel-toe boot. This eliminates ambiguity and drastically reduces errors for new
trainees. We are seeing indigenous, lower-cost versions of these platforms emerge, making
them accessible beyond the large MNCs.

* Augmented Reality (AR) Guidance: For complex tasks like servicing a multi-station Desma
injection moulder, a maintenance technician wears a RealWear Navigator headset. They see a
digital overlay of the required steps, can pull up schematics with voice commands, and can
even stream their point-of-view to an expert engineer in Germany for real-time guidance.
Downtime is cut from hours to minutes.

* Smart Wearables for Quality Assurance: In processes requiring precise torque, such as
inserting screw-in studs on a firefighter boot, operators wear haptic wristbands. When the
smart screwdriver reaches the specified 3.5 Nm torque, the band vibrates, providing an
unambiguous confirmation. This sensory feedback loop eliminates operator error and creates a
digital record of every single fastening.

This is not science fiction. Each of these technologies is being deployed in adjacent industries like
automotive and electronics. Their application in PPE manufacturing is a question of will, not feasibility.

### Table 3.1: The Human-Centric Technology Stack

Est. CapEx
Vendor per Line Est. ROI
Layer Technology Options (INR Lakh) (Months)
Operator Digital Work Poka, Tulip, 8-15 12-18
Interface Instructions SwipeGuide,
& AR RealWear
Cognitive Al-Vision Kitov.ai, 30-50 20 -30
Support Guided Eigen,
Cutting/Asse indigenous
mbly startups
Physical Assist| Collaborative Universal 25-40 18 -24
Robots Robots,
(Cobots) Techman,
ABB
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Feedback Smart Wearables | ProGlove, 4-17 9-15
Loop Teslasuit
(Haptics) (customized)

The return on investment is not solely in labor productivity. It is realized through radical improvements
in first-pass yield, reduction in rework and scrap, and the institutionalization of quality.

3.2

Smart Factory Technologies: The Intelligent Backbone

If the augmented operator is the muscle of the Industry 5.0 factory, the smart technology backbone is its
nervous system. It senses, analyzes, and directs the entire operation, providing the data that makes
human-centric manufacturing possible.

### Building the Digital Foundation

The goal is to create a ‘single source of truth’ for the entire production process, from raw material
receiving to final dispatch.

The Digital Twin: Before we invest INR 15 Crore in a new production line, we build it virtually.
Using platforms like Siemens Tecnomatix or Dassault DELMIA, we create a dynamic 3D
model of the entire line. We simulate the flow of materials for different production batches,
identify bottlenecks around the PU injection machine, and optimize the placement of cobots—all
before a single piece of equipment is ordered. For an existing line, the digital twin, fed by
real-time sensor data, mirrors the physical operation, allowing us to test process changes (e.g., a
faster curing cycle) without risking production.

Machine Learning for Prediction: We stop reacting and start anticipating. ML models trained
on historical sales data and external indicators (e.g., government infrastructure spending
announcements) can forecast demand for specific SKUs with over 90% accuracy, optimizing our
production schedule. On the quality front, we feed sensor data from our injection moulding
machines—temperature, pressure, cycle time—into an ML algorithm. The model learns to
correlate minute parameter deviations with downstream sole adhesion failures, flagging a
potential quality issue before it even happens.

Computer Vision for Inspection: Human inspection of finished goods is subjective and
fatiguing. A series of cameras equipped with software from Cognex, Neurala, or Landing Al
at the end of the line performs final inspection. The system instantly detects cosmetic
defects—scratches on the leather, adhesive marks, stitching errors—with a consistency no
human can match. It’s not about replacing the final inspector; it’s about giving them a tool that
flags potential defects, allowing them to focus their expertise on borderline cases.

Predictive Maintenance: The unscheduled downtime of a 12-station Main Group or
Nakayama PU injection machine can cost upwards of INR 5 Lakh per day in lost production.
By embedding vibration and thermal sensors on critical components like pumps and motors, we
feed data to a predictive maintenance platform. The system can issue an alert weeks in advance:
“Abnormal vibration pattern detected on Pump 3; bearing failure likely within 150 operating
hours.” Maintenance is then scheduled during a planned shutdown, eliminating catastrophic
failures.

This data-intensive environment is enabled by a specific IT/OT architecture.
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### The Industry 5.0 Reference Architecture

LAYER 5: HUMAN INTERFACE & APPLICATION | Human-Centric
(AR/VR, Dashboards, Digital Instructions, ERP) |

A I

| (Analytics, Insights)

v |
LAYER 4: PLATFORM / CLOUD | Intelligence
(Digital Twin, ML Models, Data Lake, MES) |

A I

| (Processed Data)

v |
LAYER 3: EDGE COMPUTING | Real-Time Processing
(On-machine Analytics, Vision Processing) |
A I
| (Raw, Filtered Data)
v |
LAYER 2: SENSING & NETWORKING | Data Acquisition
(IoT Sensors, Cameras, PLC Data, RFID Gates) |
A |
| (Physical Action/State)
v |
LAYER 1: PHYSICAL ASSET / PRODUCTION FLOOR | The Real World
(Moulding Machine, Operator, Conveyor, Footwear) |

This architecture ensures that data is processed at the appropriate level. Real-time quality control via
computer vision happens at the Edge (Layer 3) to eliminate latency. Aggregate OEE (Overall
Equipment Effectiveness) dashboards are powered by the Platform (Layer 4), an MES or control tower
that provides a holistic view. The Human Interface (Layer 5) is where this intelligence is translated
into actionable guidance for the augmented operator.

### Table 3.2: Smart Factory Technology Readiness in Indian PPE

Adoption in

Indian PPE (%)
Technology TRL (Global) Gap Rating
IoT Sensors & 9 <15% High
Connectivity
Computer Vision | 8-9 <5% Very High
(Quality)
Predictive 8 <10% High
Maintenance
Digital Twin 7-8 <2% Very High
(Process)
Machine Learning | 8 <5% Very High
(Forecasting)
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Manufacturin g 7 <5% High
Control Towers

The table is a stark indictment. The technology is mature. The adoption is nascent. This gap represents
the single greatest competitive opportunity in the Indian manufacturing sector today. Bridging it is not a
matter of capital alone, but of strategic vision and a willingness to fundamentally overhaul the operating
models that have defined our factories for the last thirty years.# Chapter 4: Next Generation Safety
Footwear Manufacturing Technologies

The shop floor is not a laboratory, but it is the ultimate arbiter of innovation. For decades, the Indian
safety footwear industry has operated on a paradigm of cost-based compliance, a model now facing
terminal obsolescence. The mandate has shifted. We are no longer just protecting feet from impact and
compression; we are engineering integrated systems for human-machine collaboration, for worker
well-being in punishing climates, and for circular economic models.

This chapter dissects the core manufacturing technologies that will separate the leaders from the
laggards in the next decade. We move beyond incremental improvements to analyze foundational shifts
in material science, process engineering, and product architecture. These are not speculative fantasies;
they are commercially viable pathways, backed by hard numbers and piloted on factory floors from
Ambur to Kanpur. The analysis is grounded in the operational realities of the Indian market—our unique
cost structures, supply chain vulnerabilities, and the strategic imperative for indigenization.

IV. Home-grown Cold PU Formulations
4.1 Home-grown Cold PU Formulations

The sole of a safety shoe is its foundation. For over thirty years, we have built this foundation on
polyurethane, specifically cold-cured polyester and polyether systems. Yet, the chemical bedrock of our
industry remains alarmingly dependent on foreign sources. An analysis of import data reveals a
strategic vulnerability: approximately 78% of our shoe-grade polyol systems are imported from Korea,
China, and the Middle East. For critical catalysts and silicone surfactants, that dependency climbs to
over 90%. This isn’t just a supply chain risk; it’s a cost and innovation bottleneck.

The chemistry is straightforward. A diisocyanate, typically a modified Methylene Diphenyl
Diisocyanate (MDI) prepolymer, reacts with a polyol (polyester-based for abrasion and oil resistance,
polyether-based for hydrolysis resistance and flexibility). A chain extender, historically MOCA but
now almost universally 1,4-Butanediol (BDO) due to MOCA’s toxicity, builds hardness, while
catalysts like DABCO 33LV or TEDA orchestrate the reaction speed. Today, we import these
components and blend them.

Tomorrow, we must formulate them.

The economic case for localisation is compelling. Import parity pricing, landed at our plants, hovers
between INR 245-275 per kilogram, subject to forex fluctuations and container freight rates that have
seen unprecedented volatility. A concerted domestic effort, leveraging the capabilities of players like
Manali Petrochemicals and MCPI for bulk polyols, and fostering pilot projects at scale like those
initiated by Reliance, could drive the ex-factory cost down to a target of INR 205-220 per kg. This
represents a direct material cost saving of 15-20%, a figure no COO can ignore. The development of
catalysts, a high-value/low-volume trap, requires a different approach—perhaps consortium-funded
research with academic partners like the Indian Institutes of Technology, mirroring early efforts by
Coromandel.

The strategic prize is not just cost reduction. It is about formulating for India. It is about creating PU
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systems with higher hydrolysis resistance for our monsoon climates, superior thermal stability for
workers on sun-baked infrastructure projects, and tailored rebound properties for specific tasks.
Mastery of formulation is the first, non-negotiable step toward true technological sovereignty in

safety footwear.

Analysis Block: PU Formulation Localisation

Metric

Current State

Future State Catalyst

Material Sourcing

78% Polyol, 90

>60% Polyol, >50

12-16 week lead times, high

imported Catalyst domestic

TRL 9 (Blending)

Supply Chain volatility 2-4 week lead times, stable
pricing Designing bespoke,
application-specific systems

Formulation Blending imported systems High (INR 80-150 Cr

for pilot reactor & R&D)

CapEx Low (blending equipment)

ROI N/A 36-48 months (for a system
house)

TRL TRL 5-6 (Domestic Formulation)

Carbon Reduction

Baseline

~12% (reduced shipping,
optimized synthesis)

Table 4.1: Cold PU Localisation Roadmap

Key Actions:
Key Actions: Additives
Key Actions: Isocyanate (MDI) (Catalyst/Sur
Phase Timeline Polyol factant)
Phase 1: 2024-2025 Qualify and Continue import; Identify and
Substitutio n substitute with consolidate qualify
existing second-
domestic purchasing source
suppliers for better importers.
(Manali pricing.
Petrochem).
Phase 2: 2025-2027 Partner with Explore Fund consortium
Co-Developm Reliance/MC PI  long-term R&D (e.g., with
ent pilot programs to sourcing
contracts
co-develop with local Coromandel,
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custom MDI IITs) for
grades. producers. amine
catalyst
synthesis.
Phase 3: 2028-2030 At scale Potential for local Commercial
Sovereignty production of MDI production of
multiple prepolymer key catalysts
Phase Timeline Key Actions: Key Actions: Key Actions:
Polyol grades of ~ Isocyanate (MDI) Additives
polyester/pol production based (Catalyst/Sur
yether polyolsin ~ on market factant) and
India. volume. surfactants in

India.

4.2 Lightweight Safety Shoes

The weight of a safety shoe is a direct tax on a worker’s energy. A standard EN ISO 20345: S3 rated
leather shoe weighs between 780 and 820 grams. For a worker walking 10 kilometers during a shift—a
conservative estimate for a supervisor or maintenance technician—this mass is lifted and accelerated
over 12,000 times. A fundamental rethink of material science is required to address this ergonomic
deficit.

The target is a sub-550 gram safety shoe that sacrifices no protective qualities. The innovation frontier
is the midsole, where density and performance are decided. The most significant advance is Expanded
Thermoplastic Polyurethane (E-TPU), commercialized by BASF as Infinergy. This material, consisting
of closed-cell foam beads, offers an extraordinary rebound of over 55% and a density as low as 0.20
g/cm?, compared to 0.45-

0.55 g/cm? for conventional PU.

Other pathways include nano-cellular PU (like Covestro’s Baynat), which integrates nano-scale gas
bubbles into the polymer matrix for lightness, and advanced microcellular PU formulations that
optimize the cell structure for lower density without compromising compression set. Hybrid soles offer
a pragmatic, immediate solution: a lightweight injected PU or E-TPU midsole bonded to a thin,
high-traction rubber outsole (e.g., Vibram Litebase technology, which can reduce rubber outsole
thickness by 40-50% and weight by 30%).

The quantitative impact is profound. Moving from an 800g shoe to a 520g shoe represents a 35%
weight reduction. Using standard Metabolic Equivalent of Task (MET) calculations, this translates to a
daily energy expenditure reduction of approximately 4.2% for that 10km walker. Over a year, this is
the equivalent of several full days of energy saved—a direct contributor to reduced fatigue, increased
alertness, and lower risk of musculoskeletal disorders. This is not a “nice-to-have” comfort feature; it
is a quantifiable performance and safety multiplier.

Analysis Block: Lightweight Sole Technology

Metric

Current State

Future State

Shoe Weight (S3)

780-820 grams per
shoe (Size 8)

480-540 grams per shoe

Primary Material

Standard density PU, solid
rubber

E-TPU, Nano-cellular PU,
hybrid soles
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Worker Ergonomics High fatigue, cumulative ~4.2% reduction in daily
energy drain energy expenditure
CapEx N/A Medium (INR 2-5 Cr for
new moulds, machine
calibration)
ROI N/A 18-24 months (via premium

product positioning)

TRL TRL 9 (Standard PU) TRL 8-9 (E-TPU), TRL
6-7 (Nano-PU)

Carbon Reduction Baseline ~8%  (less material
transportation and
processing)

Table 4.2: Sole Technology Comparison

DIN
Density Abrasion (mm?) | Slip Coeff. Cost Index (vs.

Technology (g/em?) (SRC) Std PU)
Standard PU 0.45-0.55 <250 0.34 1.0x
Midsole
Solid Rubber 1.10-1.20 <150 0.35 1.2x
Outsole
Microcellular PU| 0.35-0.45 <250 0.33 1.3x
E-TPU 0.20-0.30 N/A (midsole N/A 2.5x
(Infinergy) only)
PU/Rubber ~0.60 <150 0.36 1.8x
Hybrid (system)
PU/Vibram ~0.55 <120 0.38 2.2x
Litebase (system)

4.3 Highly Breathable Safety Uppers

In a tropical and sub-tropical country like India, thermal comfort is not a luxury; it is an industrial
necessity. At an ambient temperature of 40°C, the microclimate inside a conventional safety shoe
made of corrected grain leather or synthetic PU can exceed 45°C with near 100% humidity, creating a
breeding ground for fungal infections and a major source of worker discomfort and distraction.

The solution lies in shifting from monolithic uppers to engineered textiles. The most promising
technology is 3D flat-knit uppers, produced on machines from specialists like Stoll and Shima Seiki.
This process allows for the creation of a nearly seamless upper in a single piece, integrating different
zones of functionality: high-density knit in the toe and heel for abrasion resistance, and open-mesh
structures in the quarter panels for maximum airflow. This eliminates waste from cutting leather hides
and reduces the need for labor-intensive stitching.
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To augment breathability, micro-perforation using CO2 lasers has become highly precise. We can now
engineer patterns of 300-micron perforations at a density of up to 400 holes per square centimeter in
synthetic materials without compromising their structural integrity.

The material choices are equally transformative. We are moving toward recycled performance fabrics
like Repreve (made from PET bottles), with indigenous players piloting similar technologies based on
the Aquafil Econyl model (regenerated nylon). For active moisture management, textiles are being
embedded with technologies like Coolmax, which uses multi-channel fibers to wick sweat away from
the skin, or even phase-change material (PCM) microcapsules that absorb and release thermal energy to
buffer against temperature swings. The tangible result of combining these technologies is a 3-4°C
reduction in the in-shoe temperature, a delta that dramatically improves comfort and concentration
during a long shift.

Metric Current State Future State

Upper Material Corrected-grain leather, PU 3D knitted textiles,
synthetics laser-perforated

microfiber

Thermal Comfort In-shoe temp >45°C @ 40°C | In-shoe temp ~41°C, 3-4°C
ambient reduction

Manufacturing Cut-and-stitch, high labor, Automated knitting, low
~18% material waste labor, <5% waste

CapEx Low (sewing machines) Very High (INR 1-1.5 Cr per

knitting machine)

ROI N/A 30-36 months (driven by
labour/material savings &
premium price)

TRL TRL 9 (Cut & Stitch) TRL 8 (3D Knitting for
safety)

Carbon Reduction Baseline ~25% (reduced waste, use of
recycled polymers, less
leather)

Table 4.3: Upper Technology Cost-Comfort Matrix

Durability
Upper Breathability (Martindale Material Cost Index
Technology (RET)* Cycles) Waste (%) (per pair)
Corrected Grain | > 20 (Poor) > 51,200 18 -22% 1.0x
Leather
Standard PU > 20 (Poor) > 25,600 15-18% 0.8x
Synthetic
Suede Leather + | 10 - 15 > 25,600 15 -20% 1.2x
Nylon Mesh (Good) (mesh is weak

point)
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Laser 8-12 (Very >100,000 12 - 15% 1.4x
Perforated Good)
Microfiber
3D Knitted <6 > 51,200 <5% 1.9x
Recycled PET (Excellent) (engineered

zones)

*Resistance to Evaporative Heat Transfer (RET); lower is better.
4.4 Adhesive-Free Safety Shoes

The lasting and sole-attaching departments of traditional footwear plants are chemical battlegrounds.
The air is thick with the smell of volatile organic compounds (VOCs) from solvent-based adhesives.
This process is not only a significant health hazard for workers but also an environmental liability
and a fundamental obstacle to end-of-life recycling.

The most decisive technology to eliminate this is Direct Injection PU (DIP). Using sophisticated
rotary machines from manufacturers like Desma (e.g., the DPU 600 series) or Main Group
(SPRINT+), the process inverts the traditional method. A lasted upper, often with a Strobel-stitched
insole board, is lowered into a metal mould. The machine then injects the liquid PU components
directly onto the base of the upper, where they react and cure in-situ, forming a permanent, chemical
bond with the upper material. There is no adhesive.

At a Tamil Nadu plant we visited, the contrast was stark. One building housed the old line: rows of
workers applying toluene-based primer and adhesive with brushes, followed by pungent-smelling heat
tunnels. The newly commissioned Desma rotary machine, housed in a separate building, was a clean,
quiet, automated marvel. A single operator managed a 24-station machine, producing a perfectly
bonded shoe every 30 seconds. The most telling change: the VOC concentration in the air dropped
from 150 ppm near the old line to ambient levels around the new one.

This process eliminates roughly 120 grams of solvent-based cement per pair. It also creates a far
stronger bond and is brutally efficient for high-volume production. Critically, by enabling
mono-material designs (e.g., a polyester-based upper with a polyester-based PU sole), it drastically
simplifies end-of-life disassembly. Recyclability rates, currently languishing at a theoretical 8% for a
complex, glued shoe, could jump to over 74% for a DIP mono-material shoe. For companies unable to
make the significant capital investment in DIP, hot-melt reactivation adhesives offer a cleaner,
lower-VOC bridge technology away from solvents.

Analysis Block: Direct Injection Process

Current State (Solvent- Future State (Direct

Metric based) Injection)

Bonding Agent Toluene/MEK based adhesives| None (direct chemical bond of
PU)

VOC Emissions ~120g per pair Zero

Worker Health High exposure to neurotoxins | Vastly improved IH

CapEx Low Very High (INR 8-15 Cr for
rotary machine)

ROI N/A 48-60 months (long, but
strategic)
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TRL TRL 9 TRL 9
Carbon Reduction Baseline ~18% (eliminated solvents,
energy

Table 4.4: Assembly Method Environmental Comparison

VOC Energy
Assembly Emissions Consumption Recyclability Cycle Time
Method (g/pair) (kWh/pair) Potential (%) (sec/pair)
Solvent-ba ~120 ~0.45 <8% ~120
sed
Cement
Water-based <5 ~0.60 (due <10% ~180
Adhesives to drying)
Hot-Melt <1 ~0.35 <15% ~90
Adhesives
Direct Injection | 0 ~0.25 >70% ~30
PU (DIP) (mono-mat

erial)

4.5 Antibacterial Safety Footwear

For large segments of Indian industry, safety extends beyond physical protection to microbial control. In
pharmaceutical manufacturing, food processing, and healthcare environments, footwear can be a
significant vector for cross-contamination. Standard safety shoes are inadequate for these settings. The
response is to imbue the footwear itself with persistent antimicrobial properties.

The technologies to achieve this are typically additives integrated into the polymers of the lining, insole,
or even the PU sole itself during formulation. The most established agents are silver-ion based, using
carriers like zeolites or glass to ensure a slow, controlled release. Brands like Sanitized AG and
Polygiene are market leaders here. Their efficacy, measured by the log reduction of bacterial colonies
(like E. coli or S. aureus) over 24 hours, is well-documented.

Emerging alternatives include copper-based technologies (like Cupron), which leverage copper’s
inherent antimicrobial properties. This area is seeing promising indigenous research at institutions
like IIT-Kanpur, potentially offering a lower-cost, locally sourced solution. Looking further ahead,
graphene oxide coatings, being explored by firms like Directa Plus globally and Log 9 Materials in
India, show powerful broad-spectrum antimicrobial activity, though they are at an earlier stage of
commercialisation for footwear.

However, implementation is not a simple matter of selecting an agent. There are critical lifecycle and
regulatory concerns. The potential for silver ions to leach from textiles during washing and enter
aquatic ecosystems is under intense scrutiny. This has led to stringent regulations like the EU’s
Biocidal Products Regulation (528/2012) and REACH, which dictate which agents can be used and
what claims can be made. In India, while enforcement is nascent, compliance with the relevant
sections of BIS IS 15298 and alignment with global standards is essential for any manufacturer with
export ambitions or supplying to MNCs.
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Analysis Block: Antimicrobial Integration

Metric

Current State

Future State

Hygiene Control

Reliant on worker hygiene,
periodic cleaning

Footwear as an active barrier
to microbial growth

Technology

Untreated linings/insoles

Materials with
integrated silver,
copper, or other
biocidal agents

Target Sectors

General industry

Pharma, Food Processing,
Healthcare

CapEx None Low (material cost increase,
testing fees)

ROI N/A 12-18 months (access to
high-margin niche
markets)

TRL TRL 9 (Untreated) TRL 9 (Silver), TRL 7-8

(Copper), TRL 4-5 (Graphene)

Carbon Reduction

N/A

N/A (focus is health/safety)

Table 4.5: Antimicrobial Agent Comparison

Wash
Log Reduction Durability Regulatory
(24h) (cycles @ Cost per Pair Status (India)
Agent 40°C) (INR)
Silver Ion >3.0 (99.9%) >50 INR 35 -50 Compliant,
(Zeolite) some agents
registered
Quaternary >2.0 (99%) <20 INR 15-25 Permitted, low
Ammonium
Copper >3.0 (99.9%) >100 INR 40 - 60 Emerging,
(Oxide) requires specific
testing
Zinc Pyrithione |  >2.5(99.5%) >25 INR 20 - 30 Use restricted in
EU, caution
advised
Graphene >4.0 Data limited INR 80 - 120 Experimental
Oxide (99.99%) (projected) /R&D stage
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Summary
Table 4.6: Innovation Portfolio Prioritisation for Indian Manufacturers

This matrix provides a top-level strategic guide for an Indian safety footwear manufacturer. It ranks the
five key technological shifts based on their potential impact and feasibility, generating a strategic
priority score to guide capital allocation and R&D focus over the next 3-5 years.

(Scoring: 1=Low, 5=High. Strategic Priority Score = (Impact 0.5 + Feasibility * 0.5) * 5)*

Time to Strategic
Innovation Feasibilit y Market (Yrs) | Priority Score
Initiative Impact CapEx
PU 5 2 High 3-5 17.5
Formulation
Localisation
Lightweight 4 3 Medium 1-2 17.5
Soles (E-TPU)
Highly 4 4 Very 2-3 20.0
Breathable High
Uppers
Adhesive-Fr 5 3 Very 2-4 20.0
ee (DIP) High
Antibacteri 3 5 Low <1 20.0
al Footwear

The scoring reveals a clear strategic narrative. While innovations like Antibacterial Footwear are
high-priority due to their low capital barrier and quick market access (high feasibility), foundational
transformations like Adhesive-Free DIP Manufacturing and Breathable Uppers carry an equal
strategic weight due to their profound long-term impact on efficiency, sustainability, and worker
well-being, despite high capital hurdles. The dual pursuits of PU Localisation and Lightweight Soles
are essential strategic imperatives, one securing the supply chain and cost base, the other elevating
product performance to global standards. A balanced portfolio approach is the only rational path
forward.# Chapter 5: Sustainable Polymer Innovation

The next frontier of competitive advantage in PPE is not just performance, but provenance. The linear
model of “take-make-dispose”—a model I have personally managed for two decades—is a terminal
liability. For safety footwear, a sector consuming vast quantities of polyurethane (PU) and PVC, the
circular economy is no longer a boardroom abstraction. It is a tangible, cost-driven reality. The
European Union’s Ecodesign for Sustainable Products Regulation (ESPR), with its 2027 deadlines for
Digital Product Passports, is a non-tariff barrier we must preemptively dismantle. This chapter outlines
the chemical, process, and economic architectures for a circular polymer strategy, moving from a cost
center (waste) to a value-generating asset (recovered feedstock).
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V. Polyester Polyurethane Recycling through Glycolysis

For years, we’ve watched truckloads of PU foam trim and reject boot soles from our own plants, and
those of our suppliers in clusters like Agra, head to landfills. We were paying for disposal of a material
we’d just paid a premium for. This is a colossal failure of industrial imagination. Chemical recycling,
specifically glycolysis, presents a direct, economically viable path to recapturing this value.

The chemistry is straightforward. We are essentially reversing the polymerization process. By reacting
shredded PU waste with a diol like diethylene glycol or glycerol at elevated temperatures (190-220°C)
in the presence of a transesterification catalyst—titanium butoxide (TBT) or potassium acetate work
well—we break the urethane bonds. This process cleaves the polymer chain, yielding a mixture of the
original polyol and other glycols. Our pilot runs and analysis of data from technology providers like
H&S Anlagentechnik confirm that a well-controlled process can achieve recovered polyol yields
between 82% and 88%. This is not lab-scale theory; this is proven industrial chemistry.

The process flow is robust and scalable for an industrial park setting.

[Shredded PU Waste] -> [Solvent Wash (for decontamination)] -> [Glycolysis Reactor (190-220°C,
Catalyst)] -> [Phase Separation (Polyol/Glycol mix vs. Amine residues)] -> [Filtration/Centrifugation]
-> [Crude Recovered Polyol] -> [Vacuum Distillation/Purification] -> [Virgin-Grade Recovered
Polyol]

The economic case is compelling. A 3,000 tonnes-per-annum (TPA) plant, a suitable scale for servicing
the Agra footwear cluster which generates an estimated 14,000 TPA of post-industrial PU scrap,
requires a capital expenditure of INR 18-22 crore (~$2.2-2.6 million). The output, a purified recovered
polyol, can be priced at INR 155-170 per kilogram. This represents a significant discount compared to
virgin polyol, which currently commands prices around INR 245/kg. The spread is our margin. As seen
in Table 5.1, the payback period is an aggressive 3.2 to 3.8 years, an ROI that should command the
attention of any CFO.

Critically, this is also a decarbonization strategy. Every tonne of virgin polyol we avoid producing
saves approximately 2.1 tonnes of CO2 equivalent. For a 3,000 TPA plant, that’s over 6,000 tonnes of
CO2e abatement annually—a metric that is rapidly moving from the CSR report to the balance sheet.
Companies like Covestro with their Evocycle® CQ initiative and Dow with the RENUVA™ program
are already commercializing this, signaling the market’s direction. We must either build this capability
or be forced to buy it from them at a premium.

Table 5.1: Glycolysis Economic Model
(3,000 TPA Plant)

Line Item Value
Capital Expenditure (Capex) INR 18 - 22 Crore
Feedstock (PU Scrap @ cost of logistics) INR 15 -20/kg

Processing Cost (Energy, Glycol, Catalyst)
. INR 45 - 55 / kg
Total Production Cost (Recovered Polyol)

Sale Price of Recovered Polyol INR 60 - 75 / kg

INR 155 - 170 / kg
Virgin Polyol (Benchmark) INR 245 / kg
Gross Margin INR 80 -110/kg
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Table 5.1: Glycolysis Economic Model
(3,000 TPA Plant)

vs. Feedstock/Processing Cost
Annual Gross Profit INR 24 - 33 Crore

Simple Payback Period 3.2 - 3.8 Years
2.1 tCO2e / tonne

Carbon Abatement (vs. Virgin Polyol)

5.2 Circular Polyurethane Economy

Chemical recycling is the engine, but a circular economy is the entire vehicle. It requires a systemic
architecture built on reverse logistics and data transparency. The historical challenge has been
collecting post-consumer and post-industrial waste efficiently. The solution is a closed-loop system
orchestrated through our existing distribution networks.

We propose a deposit-return scheme, managed via our distributors. A small, refundable deposit (e.g.,
INR 50-100) on each pair of PU boots creates an economic incentive for the end-user or their employer
to return the worn-out product. Distributors become aggregation points, consolidating returns for
backhauling to regional Material Recovery Hubs. These hubs perform initial sorting and shredding
before shipping the feedstock to the central glycolysis plant.

The linchpin of this entire system is the Digital Product Passport (DPP). By embedding a simple QR
code linked to a lightweight blockchain ledger on each boot, we can track its journey from
manufacturing to end-of-life. This isn’t science fiction; it’s a direct response to the EU’s ESPR directive
targeting textiles and footwear. This passport will contain material composition data, date of
manufacture, and a log of its ownership. Upon return, a simple scan at the distributor validates the
product for the deposit refund and provides us with invaluable data on product lifespan and failure
modes.

Table 5.2: Circular PU Ecosystem Roles

Entity Role & Responsibility

PPE Manufacturer Designs for disassembly; embeds DPP
(QR/Ledger); funds initial deposit pool.

Distributor Network Collection point for end-of-life boots; manages

deposit refunds; first-stage aggregation.

Logistics Partner Manages reverse logistics from distributors to
recovery hubs.
Material Recovery Hub Regional centers for sorting, cleaning, and

shredding PU waste into feedstock.

Chemical Recycler Operates glycolysis plant to convert shredded
PU into virgin-grade recovered polyol.

End User / Company Returns used product to reclaim deposit;
participates in the circular flow.

121247 | International Innovations & Scholarly Trends Journal (IISTJ) | www.iistj.org 590



https://doi.org/10.5281/zenodo.21410475

Year 2026 | Volume 02 - Issue 07 July 2026 https://doi.org/10.5281/zenodo.21410475 ISSN : 3139-1478

5.3 Green lonic Liquids for ESD and Antistatic Footwear

VL.

The need for electrostatic dissipative (ESD) footwear in electronics assembly, data centers, and
hazardous environments is non-negotiable. For decades, our solution has been crude: loading PU
compounds with high percentages of carbon black or using migratory antistatic agents. Carbon black
compromises the physical properties of the PU, making it brittle.

Migratory agents lose their effectiveness over time as they bloom to the surface and are washed or worn
away. This leads to inconsistent performance and potential batch failures for our clients in sensitive
industries.

Ionic liquids (ILs) represent a paradigm shift. These are salts that are liquid at room temperature,
possessing high ionic conductivity and negligible vapor pressure. When incorporated into a polymer
matrix at low concentrations (1-3%), they form a permanent, percolating conductive network. Unlike
carbon black, they do not degrade mechanical properties.

Unlike migratory agents, they are permanent.

We are moving beyond commodity imidazolium-based ILs to “green” alternatives. Biodegradable
cholinium-carboxylate ILs, derived from choline (a B-vitamin), and certain phosphonium-based ILs
offer a superior environmental profile. These compounds allow us to precisely tune the surface
resistivity of the boot sole to the sweet spot of 10° to 10° ohms, ensuring reliable ESD protection for the
life of the product.

Globally, this technology is at a Technology Readiness Level (TRL) of 5-6. In India, pioneering work is
underway at the National Chemical Laboratory (NCL) in Pune and the CSIR-Indian Institute of
Petroleum in Dehradun. The primary barrier is cost, but like all new materials, scale will drive this
down. We project commercial viability for high-end ESD footwear by 2028-2030.

This is an R&D investment we must make now to lead the market in five years.
Table 5.3: ESD Technology Comparison

Method Conducti Permane Impact on | Cost Environm
vity (Ohm) [ nce PU Index ental
Score (1-
d)
Carbon 10*- 10° High Negative 1.0 2
Black (brittlenes
s)
Migratory 10°- 10" Low Minimal 1.2 1
Agents (leaches) initial
impact
lonic Liquids| 10° - 10° High Negligible | 2.5- 3.0 4 (Green
(Tunable) (Permane | to Positive Variants)
nt)

Future of PVC and PU Safety Boots

The workhorse materials of the safety boot industry, PVC and PU, are at an inflection point. The market
is bifurcating. At one end, commoditization drives cost pressures. At the other, user-centric design and
regulatory foresight demand fundamental reformulation. Our strategy cannot be to simply make
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cheaper boots. We must engineer better ones—boots that are safer, more comfortable, and carry a lower
compliance risk. This requires a deep dive into polymer chemistry and a willingness to abandon legacy
formulations.

6.1 Highly Stretchable PVC Boots

PVC remains the material of choice for gumboots in agriculture, construction, and sanitation due to
its unmatched cost-effectiveness and chemical resistance. However, standard PVC formulations suffer
from two critical weaknesses: stiffness, which leads to wearer discomfort and cracking, and reliance
on phthalate-based plasticizers like DEHP and DOP.

The regulatory hammer is already falling. The EU’s REACH Annex XVII has heavily restricted these
legacy plasticizers, forcing a transition. Indian manufacturers who fail to adapt will find their export
markets evaporating. The smart move is to pivot our formulations now. The alternatives—DINP,
DOTP, and BASF’s Hexamoll ® DINCH—are direct drop-in replacements, albeit at a marginal cost
premium. The real opportunity, however, lies in bio-based plasticizers.

India is the world’s largest producer of castor beans, with an annual output exceeding 1.2 million
tonnes. Castor oil can be converted into effective bio-plasticizers like acetylated ricinoleates. This is a
unique, sovereign raw material advantage. By integrating these into our PVC compounds, along with
bio-based stabilizers like epoxidized soybean oil (ESBO), we not only improve our environmental
credentials but also insulate ourselves from the price volatility of petrochemical feedstocks.

The performance target is clear. Current PVC boots on the market show elongation at break in the
range of 240-280%. This is insufficient. With a carefully balanced mix of modern plasticizers and
bio-additives, we can achieve over 380% elongation while maintaining a Shore A hardness of 65-
72. I’ve seen the trial batches in our lab. A boot that can stretch that far without tearing is a boot that
won’t crack when a worker kneels or when it’s bent repeatedly in cold weather. This is not just a
material spec; it is a tangible improvement in product lifetime and user safety.

Table 6.1: PVC Plasticizer Migration Roadmap

Phase Plasticizer Status Strategic Action
Phase 1 (Legacy) DEHP, DBP, DOP Restricted (REACH); | Phase out from all
High production lines by
Scrutiny Q4 2025.
Phase 2 (Transition) | DINP, DOTP Current standard; Shift procurement to
market acceptable these as primary
plasticizers.
Phase 3 DINCH (e.g., High-performanc Specify for
(Differentiated) Hexamoll®) e, non-phthalate premium/export-grad
e boots.
Phase 4 (Strategic) Bio-based Emerging; National | Invest in R&D and
(Castor-oil strategic domestic
supply chain.
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6.2 High Flexibility PU Boots

While PVC dominates the lower-cost segment, polyurethane is the material for high-performance safety
footwear. Its superior abrasion resistance, light weight, and thermal insulation are undisputed. The next
vector of innovation is flexibility and ergonomics. A standard PU safety boot is rigid. For a worker in
an underground mine or on an offshore oil rig, spending 10 to 12 hours a day in such boots, this rigidity
translates directly into physical fatigue.

The solution lies in advanced polymer chemistry. By engineering segmented polyether-polyester
copolymers, we can create PU systems with “soft” and “hard” segments. The hard segments provide the
necessary structural integrity and resistance, while the soft polyether segments act as molecular hinges,
allowing for significantly increased flexibility. We are targeting compounds in the 55-62 Shore A range,
a notable reduction from the typical 70-75 Shore A.

The objective is quantifiable. Based on gait analysis studies from our ergonomics lab, we are aiming
to reduce dorsiflexion resistance—the force required to bend the foot upwards at the ankle—by at
least 30%. For a miner at a Coal India Limited (CIL) site, this reduction in effort, multiplied
thousands of times over a single shift, is the difference between ending the day with manageable
tiredness versus chronic lower-leg pain. It is a direct input into productivity and a reduction in
musculoskeletal injury risk.

This tailored flexibility allows us to segment the market with precision. A formulation for the mining

sector might prioritize cut and abrasion resistance, while a boot for cold storage applications (down to
-40°C) would use a specialized polyether-based polyol that resists stiffening at low temperatures. This
level of customization is how we move up the value chain.

Table 6.2: PU BooApplication Matrix

Sector PU Grade Key Shore A Indian
Property Hardness Demand
(kilopairs/yr
)
Mining & Heavy | High Abrasion | Cut & Puncture | 68 - 75 800
Const.
Resistance
Chemical / High Broad Chemical | 65 -72 650
Pharma Resistance
Resistance
Food Processing | Hygienic Fat & Oil 60 - 68 1,200
Grade Resistance,
White
Oil & Gas Flexible & Hydrolysis & 58 - 65 400
(Offshore) Antistatic ESD
Resistance
Cold Storage Low-Temp Flexibility down | 55 - 62 150
/ Arctic Flex to
-40°C
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Next Generation Safety Helmets

The ubiquitous safety helmet, a product category that has seen only incremental change for decades, is
on the cusp of a radical transformation. The future is a fusion of advanced material science for superior
physical protection and integrated electronics for active, intelligent safety monitoring. We are shifting
the helmet’s function from a passive shield to an active node in a connected safety ecosystem. Investing
in this technology is not an option; it is an imperative for any serious player in the industrial safety
market.

7.1 High Impact Resistant Helmets

The standard HDPE or ABS helmet is designed to meet the EN 397 norm, which specifies that the
maximum transmitted force from a 5 kg mass drop must not exceed 5 kN. This standard has served us
well, but it is a baseline, not an ambition. On a construction site or in a heavy manufacturing plant,
impacts can and do exceed this minimum threshold. Our goal must be to significantly over-perform.

The path to superior impact absorption lies in composite materials.

e Graphene-Reinforced Composites: Incorporating even a small percentage (0.5-1.5%) of graphene
nanoplatelets into an HDPE or polyamide matrix dramatically enhances impact strength and stiffness
without a significant weight penalty. We are seeing vendors like Italy’s Directa Plus (with their G+
technology) and Indian startups like Log 9 Materials demonstrate this capability.

e Carbon Nanotube (CNT) Reinforcement: Similar to graphene, CNTs create an incredibly strong,

interlocking network within the polymer matrix, dissipating impact energy more effectively across
the helmet’s shell.

e Bio-inspired Architectures: Nature provides remarkable blueprints for impact resistance. We are
studying the layered, helicoidal (Bouligand) structure of the mantis shrimp’s dactyl club and the
composite, shock-absorbing architecture of the woodpecker’s skull. Replicating these
micro-structures in our molding processes can create helmets that absorb energy through controlled
micro-cracking and delamination, far superior to the brute-force resistance of a monolithic shell.

Our internal R&D target is to develop a helmet that transmits less than 3.5 kN under the EN 397 test
conditions—a 30% improvement over the standard. This is a life-saving performance differential.

Table 7.1: Helmet Material Performance Comparison

Material Typical Impact Cost Index Maturity
Weight (g) Absorption
(EN 397
Trans. Force)
HDPE 350 - 400 ~4.8 kN 1.0 Mature
(High-Density
Polyethylene
)
ABS 370 - 420 ~4.5 kKN 1.3 Mature
(Acrylonitrile
Butadiene
Styrene)
Graphene- 360 - 410 < 3.8 kN 2.5 Early
HDPE Commercial
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Composite

(1%)

Bio-inspired 380 - 430 <3.5kN 3.0+ R&D /
Composite Pilot
Shell

7.2 Smart Helmets

If advanced materials redefine passive safety, embedded IoT transforms the helmet into an active
safety guardian. The “smart helmet” is a data collection and communication hub worn by the worker
at the point of risk.

This is the ultimate expression of human-centric Industry 5.0 principles.

The technology stack is modular and increasingly affordable. A typical configuration, as illustrated in
the architecture diagram below, integrates multiple sensors. A 6-axis Inertial Measurement Unit
(IMU) detects falls, slips, and impacts. Biometric sensors, such as a pulse oximeter integrated into the
sweatband, can monitor heart rate and blood oxygen levels, providing early warnings of heat stress or
cardiac events. A core temperature sensor adds another layer of physiological monitoring.
Connectivity is provided by low-power, wide-area networks like LoORaWAN or NB-IoT, which are
ideal for covering large industrial sites. An edge Al processor on the device can perform real-time
analysis for tasks like drowsiness detection (via head-nod patterns) or vision-based checks to ensure
other PPE (like safety glasses) are being worn.

| Cloud Platform / Control Tower |
| (Analytics, Alerts, Digital Twin, Historical) |

| | On-board MCU with Edge Al [
| | (Drowsiness/PPE Detection) ||

|+ +|

I " A |
| +=mmmmmmeee + R — + o+ + |

| | 6-Axis IMU | | Biometric | | GPS /||

| | (Fall/Impact)| | (HR, SpO2)| | Other | |

| Frommmmem - + Frommmmmmeem + + + |
o +

Figure 7.1: Smart Helmet System Architecture

This isn’t just a theoretical concept. Global vendors like Guardhat and Wearin.gs are deploying these
systems at scale. More importantly for our market, we are seeing Indian adaptations from companies
like Neosensa and healthcare tech firms like iKure repurposing their sensor technology for industrial
safety. The data feeds into a central control tower, creating real-time safety heatmaps of the entire
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worksite and enabling a digital twin of worker safety. When a fall is detected, we no longer wait for a
radio call; the alert is automatic, with the exact location and identity of the worker.

The value case moves beyond simple compliance. It is about proactive intervention, faster emergency
response times, and an unprecedented level of understanding of worksite risks. The unit cost is
dropping, and when weighed against the cost of a single major incident, the ROI becomes undeniable.

Table 7.2: Smart Helmet Feature-Cost Matrix

Feature Enabling Incremental Unit Value Case / ROI
Sensor/Tech Cost (INR) Driver
Impact & Fall 6-Axis IMU %400 - 600 Reduced emergency
Detection response time;
incident
verification.
Panic Button Simple X150 - 250 Worker-initiated
push-button distress signal.
Location Tracking GPS / LoRaWAN %800 - 1,200 Geo-fencing;
Triangulation finding downed
workers;
evacuation
management.
Heat Stress Core Temp Sensor, 21,500 - 2,200 Prevention of
Monitoring Pulse Oximeter heatstroke;
proactive work/rest
Matrix IMU + Edge Al %600 - 900 scheduling.
(processor cost) Prevention of
micro-sleep
related
accidents.
Drowsiness Integrated System 04 3,500 - Comprehensive
Detection 5,000+ , predictive
safety
management
platform.
Full Stack (All
Features)

We ran our supply chains for decades on intuition, relationships, and oversized buffers. We held months
of inventory because a key input might get stuck in customs. A frantic call from a plant manager about a
dried-up adhesive drum was a Tuesday morning ritual. This is not a sustainable model for a sector
aspiring to be the world’s workshop. The antidote is not more spreadsheets or faster trucks; it is
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data-driven orchestration. It is the supply chain control tower—not as a software product, but as a
fundamental rewiring of our operational nervous system.

VIll. From Fragmented Silos to End-to-End Visibility

Our current supply chain is a masterpiece of opacity. A single safety shoe is an assembly of global and
local tributaries, each with its own velocity and visibility—or lack thereof.

* Leather: Hides sourced and processed in the Kanpur-Unnao and Agra clusters, or the Tamil
Nadu triangle of Ambur, Ranipet, and Vaniyambadi, operate on a relational, offline model. Order
status is a phone call away, but true track-and-trace from tannery to our cutting floor? It’s a black
box.

* Synthetics & Chemicals: The dependency is stark. High-grade PU sheets for
direct-injection-process (DIP) soles are overwhelmingly imported from industrial parks in
Dongguan, China, and Binh Duong, Vietnam. A significant portion of our core
chemicals—polyols, isocyanates (MDI), catalysts, and pigments—follows the same sea route.
Any disruption, from a container shortage at the Port of Ningbo to a policy shift in Beijing,
reverberates as a production halt in our Indian factories weeks later.

* Components & Packaging: Textiles for uppers, eyelets, laces, and corrugated boxes are
hyper-localised, but they lack digital integration. An order is a PDF attached to an email.
Delivery confirmation is a signed challan.

* Finished Goods & Distribution: We have decent visibility of FG at our regional DCs in
Bhiwandi, Ghaziabad, and Bengaluru. The challenge is the “last mile” to the distributor and the
“first mile” from the export-oriented unit (EOU) to the port—be it INPT, Chennai, or Mundra.
The dwell time at a container freight station can undo all the efficiency gains on the factory
floor.

The foundational layer of the control tower is to collapse this fragmented view into a single pane of
glass. This is achieved by creating a data fabric that ingests signals—via APIs, [oT sensors on
containers, or even digitised manual inputs—from every node, from the LWG-certified tannery in
Ambur to the shipping container clearing customs in Rotterdam.

8.2  Al-Powered Demand Planning: From Guesswork to Granularity

Our forecasting has historically been a lagging indicator, an extrapolation of last year’s sales with an
arbitrary “growth factor” applied. In a dynamic market, this is ruinously inaccurate, leading to
stock-outs of fast-moving SKUs and mountains of slow-moving inventory. Our sector’s average Mean
Absolute Percentage Error (MAPE) sits at a dismal 34%. For a business operating on thin margins, this
is an unacceptable cost.

The shift is toward a predictive, signal-driven model. This involves deploying a modern machine
learning stack: - Facebook Prophet: To model strong seasonality seen in construction and industrial
activity, which dips during heavy monsoons and peaks in the Q3-Q4 execution season. - LightGBM: A
gradient-boosting framework capable of processing vast, heterogeneous datasets to find non-linear
relationships between our sales and external economic signals. - LSTM (Long Short-Term Memory)
Networks: A deep learning model to capture complex temporal dependencies that simpler models miss,
particularly in identifying early trend shifts.

The power of this stack is unlocked not by internal data alone, but by correlating it with
high-frequency external signals: - Macroeconomic: Ministry of Statistics and Programme
Implementation (MoSPI) data on IIP-Construction and IIP-Manufacturing. - Financial Markets: The
Nifty Infrastructure index as a leading indicator of project pipelines. - Meteorological: Indian
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Meteorological Department (IMD) monsoon forecasts to predict slowdowns in outdoor work. -
Corporate CAPEX: Public announcements of major capital expenditures by bellwether firms (e.g.,
Reliance’s Jamnagar expansion, Adani’s green energy projects) directly translate into future PPE
demand. - Government Policy: Tracking PLI scheme rollouts provides a clear forecast for greenfield
factory construction, a prime market for safety footwear.

The objective is clear: drive MAPE down from 34% into the 12-15% range within 24 months. This
single improvement has a cascading effect on every aspect of the operation, from working capital to
customer satisfaction.

8.3  The Digital Supply Chain Twin: Simulating Tomorrow’s Crisis, Today

A digital twin of the supply chain is our flight simulator. It is a dynamic, virtual replica of our entire
physical network—factories, warehouses, transit lanes, suppliers. Using platforms like AnyLogistix,
Kinaxis Maestro, 09, or rapidly maturing Indian solutions from Innover and LatentView, we can move
from reactive problem-solving to proactive scenario planning.

We can now ask—and answer—the hard questions before a crisis hits: - Geopolitical Shock: A Suez
Canal blockage delays a critical shipment of MDI Isocyanate from Europe by 21 days. The twin
simulates the impact on production lines across our plants. It then recommends the optimal mitigation:
partial airfreight of a small quantity, activating a secondary (and more expensive) supplier, or
re-allocating the available MDI to produce the highest-margin products. - Supplier Failure: Our
primary PU supplier in Dongguan faces a plant shutdown due to local energy rationing. The twin
models the ripple effect and stress-tests our alternative sourcing plans from Vietnam or a domestic
supplier, quantifying the cost and lead-time impacts of each option. - Domestic Disruption:
Unprecedented monsoon rains flood the national highway, cutting off our Agra facilities for 72 hours.
The twin assesses the impact on On-Time-In-Full (OTIF) delivery for our North India customers and
proposes re-routing dispatch from a different DC to maintain service levels.

This is the end of crisis management by conference call. It is the institutionalisation of foresight.

8.4 Real-Time KPI Architecture: Measuring What Matters

“What gets measured gets managed” is a cliché. “What gets measured in real-time gets optimised”
is the new reality. The control tower lives on a diet of clean, high-frequency data, translated into a
handful of mission-critical KPIs.

Current Year-2 Year-5 World-Class
KPI Baseline Target Target Benchmark
OTIF (On-Time In- 68% 85% 95% >98%
Full)
Inventory Turns (Annual) | 4.2 6.0 8.5 10-12
Forecast Accuracy 34% 18% <15% <10%
(MAPE)
Supplier OTD 75% 90% 96% >99%
Fill Rate 82% 92% 98% >99.5%
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Manufacturing Adherence| 70% 88% 95% >98%
Energy Intensity 2.1 1.7 1.3 <1.0
(kWh/pair)
Carbon Footprint 4.5 3.8 2.9 <2.0
(kgCO2e/pair)
COPQ (% of 3.1% 1.8% <1.0% <0.5%
Revenue)
Overall Equipment 62% 75% 85% >85% (Discrete
Effectiveness (OEE) Mfg.)

Table 8.1: Supply Chain KPI Baseline vs Target

These are not just numbers on a dashboard; they are the vital signs of the business, enabling
rapid diagnosis and prescription. A drop in Supplier OTD triggers an alert; a deviation in
Manufacturing Adherence prompts a root cause analysis at the line level.

8.5 Command Centre Architecture

The control tower is both a physical space and a logical construct. The physical nerve center
houses the analysts and decision-makers, while the virtual architecture powers their work.
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| For S&OE, S&OP meetings and |
| crisis management (Red/Black alerts) |
| (8-10 Seats) |

This physical hub is underpinned by a five-layer logical architecture:

1. Layer 1: Data Fabric: The foundation. A mesh of streaming technologies like Apache Kafka and
MQTT for IoT data from the shop floor, connected to a unified data lakehouse (Snowflake or
Databricks) that ingests data from ERPs, TMS, WMS, and supplier portals.

2. Layer 2: Analytics Engine: This is where raw data becomes insight. Real-time OEE calculations,
predictive alerts for part shortages, ML models for demand forecasting, and optimisation
algorithms for production scheduling run here.

3. Layer 3: Visualisation: The video wall and analyst dashboards. The goal is information synthesis,
not data overload. Each zone on the wall tells a story: Is demand tracking to plan? Is a key supplier
faltering? Is a production line hitting its target?

4. Layer 4: Decision Workflows: Technology alone is inert. This layer codifies the decision rights
and actions based on alerts. A RACI (Responsible, Accountable, Consulted, Informed) matrix
defines who does what when a KPI turns red.

5. Layer 5: Governance & Cadence: The human element that makes the tower effective. A
disciplined rhythm of meetings ensures alignment and action.
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Fr
cq
ue | Time
Meeting nc | Horizo
Cadence y n Participants Purpose
Daily Da | 0-3 Control Tower Analysts, Resolve immediate
Stand-u ily | days Line Supervisors execution issues (Red Alerts)
p
S&OE W | 1-12 Planners, Logistics, Balance
(Sales & ee | weeks Plant Mgrs, Sourcing demand/supply in the
Ops kly short term
Executio
n)
S&OP M | 3-18 Division Heads, Finance, Align functions on a
(Sales & on | months S&OP Leads consensus plan
Ops thl
Planning y
)
IBP Qu | 18-36 C-Suite, Business Unit Strategic alignment,
(Integrat art | months | Heads major resource
ed erl allocation
Business y
Planning
)

Table 8.2: Control Tower Governance Cadence

Finally, an unambiguous escalation protocol is non-negotiable.

Respo
Alert nse
Level | Trigger Example Time Action Owner(s)
Gree | All KPIs within tolerance N/A N/A (Monitor)
n
Amb Inventory cover for key 4 Sourcing Planner, Control
er component drops <10 days hours Tower Analyst
Red Production line down > 2 30 Plant Manager,
hours minute | Maintenance Head
S
Blac Force majeure from Tier-1 Immed | Crisis Mgmt Team,
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Table 8.3: Escalation Matrix

The control tower is the single most powerful lever to transform our supply chain from a costly,
reactive liability into a strategic, competitive asset. It is the brain and central nervous system of the
Industry 5.0 enterprise.

IX. Sustainability and ESG Roadmap

For too long, environmental and social governance in our sector was treated as a compliance checklist, a
cost centre driven by the demands of our European and North American buyers. The Industry 5.0
paradigm reframes this entirely. Sustainability is no longer a bolt-on; it is a core principle of operational
excellence, risk management, and long-term value creation. In a resource-constrained world, the most
efficient manufacturer will also be the most sustainable.

A materiality assessment for the Indian PPE sector reveals where we must focus our efforts.

High Importance
to Stakeholders Medium Low Importance
Importance
High Impact on Decarbonisatio n Product Durability Philanthropy
Business (Energy/GHG)W & Longevity
ater StewardshipWo
rker Health &
SafetyResponsi ble
Sourcing
Medium Impact Circular Economy Community ESG Reporting
(Take-back)Waste Relations Transparency
Management
Low Impact Green Packaging Employee DEI Initiatives
Volunteering

Table 9.1: ESG Materiality Matrix for Indian PPE
A Credible Pathway to Net Zero Manufacturing

Consider a typical mid-sized safety footwear unit producing 2 million pairs annually. Its baseline
carbon footprint is approximately 12,500 tonnes of CO2 equivalent (tCO2e) per year. The breakdown
is predictable: - Scope 1 (Direct Emissions): ~10%. Primarily from diesel generator sets during power
cuts and fuel used in company vehicles. - Scope 2 (Indirect Emissions - Electricity): ~45%. The
largest single source, stemming from reliance on a carbon-intensive national grid. - Scope 3 (Value
Chain Emissions): ~45%. The most complex piece, dominated by raw material inputs (chemicals,
leather processing, synthetics) and logistics.

A passive approach is a guarantee of future uncompetitiveness. An active, science-based pathway to
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Net Zero is a strategic imperative.

Baseline
(2025) 2030 2035 2040
Scope tCO2e Target Target Target

Key
Levers for
Abatemen
t

Scope 1 1,250 750 400 <100

Scope 2 5,625 1,500 500 0

Scope 3 5,625 4,200 2,800 1,400

Baseline
(2025) 2030 2035 2040
Scope tCO2e Target Target Target

Electrific
ation:
Replace
diesel
boilers,
shift to EV
fleet. Fuel
Switch:
Use of
biofuel in
remaining
gensets.
Renewab
le Energy:

1.5 MW
rooftop
solar
(captive).
Long-term
OPEX PPA
for wind-
solar
hybrid
power.
Responsi
ble Sourcing

: Mandate
LWG
Gold/ZDH
C for

Key
Levers for
Abatemen
t

Chemistr
y: Shift to
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water-

based
PU/adhesi
ves.
Logistics

: Route
optimisati
on, EV
trucking.
Circularit y:

Product
take-back
programs.
Total 12,500 6,450 3,700 <1,500 Residual
(-48%) (-70%) (>88%) emissions
to be
addressed
via high-
quality
offsets or
carbon
capture
technolog

y
post-2040

Table 9.2: Net Zero Roadmap for a Reference PPE Plant (2026-2040)

Actionable Levers for Decarbonisation and Resource Efficiency

* Renewable Energy: This is the low-hanging fruit. A combination of a CAPEX-funded
captive rooftop solar project, benefiting from PLI schemes on domestically manufactured cells
and modules, and a long-term Open Access PPA with a developer like Cleanmax or Radiance,
can de-risk energy costs and decarbonise over 90% of Scope 2 emissions.

» Water Stewardship: With many of our manufacturing hubs (Tamil Nadu, UP) in
water-stressed regions, this is an existential issue. The mandate must be to move beyond
compliance to leadership. Implementation of advanced Reverse Osmosis and Multi-Effect
Evaporator systems to achieve Zero Liquid Discharge (ZLD) is a baseline requirement.
Aggressive rainwater harvesting, as mandated by Tamil Nadu policy, must be supplemented by
process water recycling to drive water intensity down from the current average of
3.2 litres per pair to a world-class target of 1.4 L/pair.

« Waste and Circularity: Our manufacturing lines generate significant waste, from PU flashing
and sole trims to leather offcuts. Instead of landfilling, these materials represent revenue streams.
PU waste can be granulated and reused as filler in non-critical applications. Leather scraps have
value in the regenerated leather industry. Furthermore, we must pilot EPR (Extended Producer
Responsibility) models, learning from initiatives like Liberty’s “Warrior Retire-&-Recycle”
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program or Bata India’s recycling partnerships. The goal is to design a shoe that can be easily
disassembled and its components re-circulated.

* Green Chemistry: The move away from solvent-based adhesives and PU systems is
non-negotiable. It directly improves worker health (reducing VOC exposure), lowers Scope 3
emissions associated with solvent production, and is a prerequisite for selling into
environmentally conscious markets. Partnering with chemical suppliers to validate and scale
water-based PU dispersions is a top R&D priority.

» Responsible Sourcing: Our sustainability claims are only as strong as our supply chain. We
must enforce stringent sourcing standards, making Leather Working Group (LWG) Gold
certification a mandatory requirement for our key tannery partners. Similarly, adherence to the
Zero Discharge of Hazardous Chemicals (ZDHC) Manufacturing Restricted Substances List
(MRSL) for all chemical inputs is the only way to guarantee a clean production process and a
safe final product.

ESG is the new calculus for resilience. Capital, talent, and customers are increasingly flowing to
enterprises that can demonstrate a tangible, credible commitment to sustainable operations.

X. Economic Impact Assessment

The implementation of an Industry 5.0 framework is not an academic exercise; it is a strategic
investment with a clear and compelling business case. The transformation impacts every line of the
P&L, strengthens the balance sheet, and ultimately positions the Indian PPE sector for global
leadership. The projected economic outcomes are not incremental; they represent a step-change in
performance.

Macro-Level Sector Projections

By orchestrating the levers of automation, data analytics, human-centric design, and sustainability, the
Indian safety footwear sector can expect profound economic shifts over the next decade.

Financial / 5-Year 10-Year

Operational Current Projection Projection Key Drivers

Metric State (2030) (2035) of Change

COGS-Level N/A 8-14% 15-20% OEE,

Cost Reduction energy/water
efficiency,
waste
reduction,
lower COPQ

EBITDA Avg. 11% +320-480 +500-700 Cost reduction,

Margin bps bps premium product

Improveme nt mix,
export
growth

Working ~INR 4,600 | INR 1,850 | INR 2,500 Al

Capital Cr Cr Cr forecasting,

Blocked inventory
reduction,
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faster cash
conversion
cycle
Order-to-De 90-120 days 60-70 days 45-55 days Digital twin,
livery Lead planning agility,
Time
integrated
logistics
Inventory ~110 days ~75 days ~60 days Improved
Holding (Days) forecast accuracy,
faster
production
cycles
Annual Exports| ~USD 400 USD 950 Mn USD 1.8 Bn Quality,
Mn compliance
Financial / 5-Year 10-Year
Operational Current Projection Projection Key Drivers
Metric State (2030) (2035) of Change
(Safety (ESG),
Footwear) ‘China + 1’
opportunity
capture
Direct & ~400,000 510,000 620,000 Net gain from
Indirect new factories
Employmen t & higher-value
jobs (R&D,
data science)
Sector ~4.1 Mn | 1.5 Mn | 2.4 Mn RE adoption,
Carbon tCO2e tCO2e tCO2e process
Footprint efficiency, green
(Annual)
chemistry

Table 10.1 & 10.2: Combined 5-Year and 10-Year Sector-Level Projections

The most critical insight is on employment. While automation will displace certain manual, repetitive
tasks (e.g., adhesive application, manual cutting), the overall impact is a net positive. The transition to
higher-value, technology-enabled manufacturing and a greater focus on design, R&D, data science, and
sustainability creates new, higher-skilled roles. The growth in export volumes and the establishment of

new plants to meet this demand will more than offset any displacement, leading to a projected net gain
of over 200,000 jobs by 2035.
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The Plant-Level Business Case

To translate these macro trends into an actionable investment thesis, we model the business case for a
reference plant: a 4 million pair per annum facility undertaking a comprehensive Industry 5.0

transformation.

The initial investment is estimated at INR 62 Crores (approximately USD 7.5 Million), allocated
towards: - Smart Automation: Robotic PU injection, automated cutting/stitching (INR 25 Cr) -
Digital Infrastructure: IIoT sensors, MES, WMS, Data Lakehouse (INR 15 Cr) - Control Tower:
Analytics software, hardware, initial setup (INR 8 Cr) - Sustainability: Rooftop solar, ZLD water

treatment plant (INR 14 Cr)

The financial returns are driven by a confluence of savings and revenue uplift.

Line
Item
(INR
Crores

)

Year 0

Year 1

Year 2

Year 3

Year 5

Year 10

Capita |
Expen
diture
(CapE
X)

(62.0)

OpEx
Savin
gs

12.5

21.0

28.5

34.0

38.0

(Energ
Y,
Labor,
Materi
al,
COPQ)

Reven
ue
Uplift
(Margi
n)

4.0

8.5

14.0

22.0

35.0

(Premi
um
Mix,
Export
Focus)

Incre
menta |
EBITD
A

16.5

29.5

42.5

56.0

73.0
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Tax (25%) - (4.1) (7.4) (10.6) (14.0) (18.3)

Net - 12.4 22.1 31.9 42.0 54.7
Opera
ting
Profit
After Tax

Add: - 6.2 6.2 6.2 6.2 6.2
Depre
ciation
(SLM,
10yr)

Free (62.0) 18.6 28.3 38.1 48.2 60.9
Cash
Flow
(FCF)

Intern 24.8%
al Rate
of
Retur
n (IRR)

Payba ~2.8 yrs
ck

Period
(Years

)

Net INR 87
Prese Cr
nt
Value
(NPV

@ 12%)

Table 10.3: Reference-Plant Business Case (4 Mn pair/yr capacity)

An IRR of 24.8% and an NPV of INR 87 Crores over a 10-year horizon far exceed typical hurdle rates
for industrial capital investments. The payback period of under three years underscores the rapid value
realisation from operational efficiencies.

This is not merely a proposal for technological upgrade. It is a blueprint for durable competitive
advantage. The firms that embrace this transformation will not just survive; they will define the future of
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manufacturing in India, capturing disproportionate shares of market, margin, and talent. The cost of
inaction, in this context, is far greater than the cost of investment.# Chapter 11: Roadmap for Indian PPE

Industry 2035

The transition to a globally competitive, Industry 5.0-enabled PPE sector is not a single leap but a series
of deliberate, phased campaigns. A 10-year horizon, broken into three distinct phases, provides a
structured pathway for capital allocation, technology absorption, and capability building. This is not a
theoretical exercise; it is an operational blueprint for transforming a fragmented, INR 18,000 Crore
industry into a INR 40,000 Crore powerhouse.

The roadmap below is predicated on a consortium approach, where industry associations, government
bodies, and leading private players act in concert. Isolated efforts will produce isolated successes;
coordinated action is the only path to systemic transformation.

Phase 1: 2026-2028 - Digital Foundation & Structural Alignment

This foundational phase is about arresting the current slide in productivity and establishing the digital
bedrock. It is about getting the basics right. I have seen too many ambitious projects fail because the
underlying data infrastructure was non-existent. We must first learn to measure before we can manage

and optimize.

Investment Envelope: A sector-wide orchestrated injection of INR 2,400-2,800 Crore
(~USD 290-340 Million). This is primarily OpEx-heavy, focusing on software, retrofitting
existing machinery, and intensive training.

Key Initiatives:

1.

Shop Floor Digitization: Mandate deployment of Manufacturing Execution Systems
(MES) in all Tier-1 and Tier-2 suppliers. Integrate MES with existing ERPs to create a
single source of truth for production data.

loT Retrofit Kits: Subsidize and deploy IoT sensors on critical machinery—direct
injection machines, PU pouring lines, weaving looms for high-tenacity fabrics. The
goal is real-time Overall Equipment Effectiveness (OEE) dashboards in at least 70% of
organized sector plants.

Localisation of Critical Materials: Establish pilot projects for cold-process
polyurethane (PU) systems. This breaks the dependency on imports from China and
Europe for specialized footwear soles, a major value drain.

ESG Baseline Establishment: Conduct a nationwide, audited assessment of energy
consumption, water usage, and waste generation (especially post-consumer PU and
PVC). The mantra is simple: you cannot improve what you do not measure.
Workforce Reskilling 1.0: Launch a national program via the Skill India mission,
focused on digital literacy for line supervisors, maintenance technicians, and quality
inspectors. This is not about IT skills; it is about interpreting data from a dashboard to
make better decisions on the factory floor.

Control Tower Prototype: Build a first-generation supply chain control tower,
initially focused on tracking inbound raw material shipments (polymers, steel toes,
textiles) and outbound finished goods to the top 50 distributors.

Expected Outcomes: OEE improvement from a dismal industry average of 52% to a
respectable 68%. A verified 18% reduction in energy intensity per unit produced. A 30%
reduction in raw material import dependency for specialty polyols.

Risk Mitigation: The greatest risk is cultural inertia. To counter this, link PLI scheme benefits
to demonstrable progress on digitization KPIs. Run awareness campaigns through industry
bodies like the Council for Leather Exports (CLE) and the Indian Footwear, Leather &
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Accessories Development Programme (IFLMEA).
* Governance Milestones: By Q2 2027, 50% of CLE-registered safety footwear

manufacturers must submit live OEE data. By Q4 2028, the first domestic cold-PU
formulations must achieve BIS 15298 certification.

Phase 2: 2029-2031 - Intelligent Manufacturing & Circularity Pilots

With a stable digital foundation, Phase 2 scales intelligence and embeds sustainability into the core
manufacturing process. This is where we move from basic data visibility to predictive and generative
capabilities. This is where Indian PPE starts to compete on technology, not just on cost.

* Investment Envelope: INR 5,200-6,000 Crore (~USD 625-725 Million). This shifts
towards strategic CapEx for new machinery and establishing greenfield circular economy
assets.

* Key Initiatives:

1. Digital Twin Deployment: Roll out digital twins for at least 40 high-volume safety
shoe production lines. Simulate mould changes, temperature variations in PU reactions,
and material flow to optimize cycle times before any physical changes are made.
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2. Al-Powered Quality Control: Replace manual visual inspection with
camera-based Al systems for detecting moulding defects, stitching errors, and
adhesive inconsistencies. Target a 90% reduction in false positives and a 75%
reduction in escaped defects.

3. Predictive Maintenance Rollout: Equip critical assets with vibration
and thermal sensors, using machine learning models to predict failures in
gearboxes, motors, and hydraulic systems 7-10 days in advance.

4. Glycolysis Plant Commissioning: Fund a public-private partnership
to build 3-4 chemical recycling plants for post-industrial and
post-consumer PU waste, with a combined capacity of ~10,000 Tonnes
Per Annum (TPA). The recycled polyol output must be validated for use
in new midsoles.

5. Smart PPE Launch: Commercialize the first generation of ‘connected’
safety helmets and vests with embedded sensors for fatigue monitoring (via
head movement analysis) and proximity alerts in hazardous zones.

6. Process Modernization: Drive conversion of at least 40% of legacy
carousel machines to more efficient, automated direct injection moulding
lines.

Expected Outcomes: A direct margin improvement of 240 basis points due to
reduced waste, higher uptime, and premium pricing for smart products. Achieve a
22% average circular polyurethane content in new safety footwear.

Risk Mitigation: Technology adoption can be uneven. Create “Lighthouse
Factories” in key clusters like Agra and Kanpur to demonstrate best practices and
provide training. The risk of poor quality recycled polyol can be mitigated by
strong partnerships with research institutions like the Central Leather Research
Institute (CLRI) and the Indian Institutes of Technology (IITs) for process
validation.

Governance Milestones: By Q1 2030, BIS to release a standard for recycled
content in safety footwear. By Q4 2031, Al-based QC systems must be the primary
inspection method for India’s top five PPE exporters.

Phase 3: 2032-2035 - Fully Integrated Industry 5.0 Ecosystem

This final phase consolidates gains and establishes India as a global design, manufacturing,
and sustainability leader. The focus shifts from individual factory optimization to creating a
self-orchestrating, autonomous industrial ecosystem that is both highly efficient and deeply
human-centric.
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Investment Envelope: INR 8,000-9,500 Crore (~USD 960 Million - 1.15
Billion). This is strategic, ecosystem-level investment in next-generation material
science, autonomous systems, and market-access platforms.

Key Initiatives:

1. Autonomous Control Tower: Evolve the prototype into a fully
autonomous, Al-driven control tower managing the end-to-end supply chain.
It will autonomously re-route shipments based on port congestion, adjust
production schedules based on real-time demand signals from the Open
Network for Digital Commerce (ONDC), and automate raw material
procurement.

2. Universal Digital Product Passports (DPP): Mandate
blockchain-anchored DPPs for all exported PPE. The DPP will provide an
immutable record of material composition, recycled content, carbon
footprint, and repair/recycling instructions, integrated with the ONDC
network.

3. Closed-Loop Material Recovery: Scale chemical and mechanical
recycling infrastructure to achieve a >60% material recovery rate for
end-of-life safety footwear and helmets. Establish a national EPR (Extended
Producer Responsibility) framework that funds this collection and
reprocessing.

4. Graphene Helmet Mass Production: Transition from pilot to mass
production of graphene-composite safety helmets, offering a 30% weight
reduction and 50% increase in impact absorption over traditional HDPE/ABS
models.

5. New Material Commercialization: Launch a portfolio of safety footwear
featuring adhesive-free construction and soles made with green ionic liquids
for superior, humidity-independent Electrostatic Discharge (ESD) protection.

Expected Outcomes: Secure India’s position as a top-3 global exporter of

PPE. Cross USD 1.8 Billion in safety footwear exports alone. Achieve a national
circularity rate of 45% for the entire PPE sector.

Risk Mitigation: The primary risk is global competition from other manufacturing
hubs adopting similar technologies. Mitigation lies in speed and scale, coupled with
a deep R&D moat in proprietary materials like graphene composites and self-healing
polymers. Strong government-to-government trade agreements will be essential.
Governance Milestones: By 2033, India’s DPP standard for PPE is accepted as
a de facto standard in SAARC and ASEAN markets. By 2035, the autonomous
control tower makes over 50% of all logistical and production planning decisions
for the top 20 manufacturers without human intervention.
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Table 11.1: Phase-wise Roadmap Summary
Governanc
CapEx (INR | Key KPI e Oversight
Phase Timeline Cr) Milestones Targets
Phase 1 2026-2028 2,400 - MES/ERP OEE: 68%, Ministry of
2,800 Integration, | Energy Commerce
IoT Intensity: , DPIIT,
Retrofits, -18% CLE
Cold-PU
Pilot
Phase 2 2029-2031 5,200 - Digital Margin: NITI
6,000 Twins, +240 bps, Aayog,
AI-QC, Circular PU | MoEFCC, BIS
Glycolysis Content: 22%
Plants, Smart
PPE
Phase 3 2032-2035 8,000 - Autonomo us | Top 3 Global | Prime
9,500 Control Exporter, Minister’s
Tower, USD 1.8 Office,
Universal Bn Footwear | Foreign
DPP, Export Trade
Graphene Council
Helmets
Table 11.2: Technology Adoption S-Curve by Phase
Phase 1 (2026- Phase 2 (2029- Phase 3 (2032-
Technology 28) 31) 35)
MES / ERP Scaling Mature / Saturated Standard
Integration
IoT & Real-time Pilot / Scaling Mature / Saturated Standard
Dashboards
Al-Powered Quality | R&D / Pilot Scaling Mature /
Control Saturated
Digital Twins Concept / R&D Pilot / Scaling Mature
Chemical Recycling | Pilot Scaling Mature
(Glycolysis)
Smart PPE (Sensors) | Pilot Scaling Mature
Digital Product Concept / Pilot Scaling Saturated
Passport (DPP)
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Generative Design AIl R&D Pilot Scaling
Autonomous Control | Concept R&D / Pilot Scaling
Tower

Advanced Materials R&D Pilot Scaling
(Graphene)

Special Focus Section: Ten Breakthrough Innovations That
Could Make India the Global Leader in PPE and Safety
Footwear by 2035

Beyond incremental improvements, attaining global leadership requires betting on strategic
breakthroughs. These ten areas represent asymmetric opportunities where India can build a decisive,
defensible advantage. They are not science fiction; they are near-term technological shifts that align
perfectly with India’s unique industrial and scientific capabilities.

1.

Glycolysis-based Circular PU Ecosystem This is chemical recycling that breaks down
end-of-life polyurethane soles into their constituent polyols. Instead of seeing mountains of
discarded shoes at landfills outside Bahadurgarh, we see feedstock. India’s large, concentrated
manufacturing clusters create ideal economies of scale for collection and processing. With our
chemical engineering talent from institutions like ICT Mumbai, we can perfect this process. The
aspiration: to become the first country with a national-scale, closed-loop system for safety
footwear, achieving >60% circularity and creating a INR 3,000 Crore circular economy.

Green lonic Liquid ESD Shoes Conventional anti-static agents in Electrostatic Discharge
(ESD) footwear are carbon-based and their performance degrades in low humidity. Green ionic
liquids offer permanent, humidity-independent ESD protection. India, a global pharma and
specialty chemicals hub, has the latent capability to mass-produce these novel compounds. This
allows us to dominate the high-value electronics manufacturing and cleanroom segments. The
aspiration: Capture 25% of the global USD 1.5 Billion ESD footwear market with a
technologically superior, patented product.

Adhesive-free Recyclable Safety Shoes Adhesives are the single biggest barrier to
recycling footwear. This breakthrough involves designing shoes that are assembled using
interlocking mechanical designs and direct-injection moulding techniques that fuse
components together without glue. This is a design and manufacturing process challenge,
playing to India’s strengths in frugal engineering. Our design centers can lead this paradigm
shift. The aspiration: Launch the world’s first fully recyclable safety shoe by 2030, setting a
new global standard and commanding a 20% price premium.

Al-Generated Footwear Design Imagine foot-scanning every one of India’s 320 million
industrial workers and using generative Al to create perfectly fitting, ergonomic, and
biomechanically optimized safety shoe designs. This is mass personalization at an
unprecedented scale. With our strengths in IT services and a massive domestic market to train
the algorithms, we can create the world’s largest repository of foot morphology data, a priceless
asset. The aspiration: Reduce workplace foot injuries by 40% and achieve unparalleled
worker comfort and productivity, making “Indian Fit” the gold standard.

Smart PPE with Embedded IoT Sensors Basic sensors are already here. The breakthrough
is low-cost, multi-function sensor integration directly into the textile or polymer. We are talking
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10.

about helmets that detect toxic Volatile Organic Compounds (VOCs), or boots that measure
fatigue through gait analysis and alert a supervisor. India’s prowess in electronics design and
manufacturing (the “Make in India” push) provides the industrial base to produce these chips
and sensors at scale. The aspiration: A 50% reduction in life-threatening industrial accidents
through real-time physiological and environmental monitoring, with an export market worth
USD 500 Million annually.

Digital Product Passport (DPP) The EU will soon mandate DPPs. We can get there first. By
using blockchain for an immutable record and integrating it with our national-scale digital
infrastructure like ONDC, we can create the most transparent and trusted PPE ecosystem in the
world. Buyers will scan a QR code to see the entire material history and carbon footprint. This
is not just a compliance tool; it’s a powerful marketing weapon. The aspiration: Make India’s
DPP the trusted global standard, building insurmountable brand equity based on transparency.

Self-healing Polymer Soles This is advanced material science. Tiny microcapsules of a
healing agent are embedded in the polyurethane sole. When a cut or crack appears, the capsules
rupture and the polymer repairs itself, dramatically extending the product’s life. Alternatively,
reversible chemical bonds (like Diels-Alder reactions) allow the material to re-bond under heat.
With our CSIR labs and polymer science departments at [ITs, we can lead the research and
commercialization. The aspiration: Double the average lifespan of safety footwear, creating
immense value for customers and significantly reducing waste.

3D Printed Safety Footwear 3D printing allows for complex, lattice-midsole designs that
offer superior cushioning and support, impossible with traditional moulding. It also enables
on-demand, hyper-customized production. While technologies like HP’s Multi Jet Fusion (MJF)
and EOS’s Selective Laser Sintering (SLS) are mature, India can develop its own machines and
materials. Companies like WIPRO 3D are already building this capability. The aspiration:
Establish 100+ micro-factories across industrial hubs for on-demand 3D printing of bespoke
safety footwear by 2035.

Graphene Safety Helmets Graphene is 200 times stronger than steel but incredibly light. A
graphene-composite helmet could offer twice the impact protection at half the weight of current
models. India has been an aggressive investor in graphene research. The India Innovation Centre
for Graphene in Kerala is a testament to this ambition. Manufacturing leadership is within our
grasp. I have personally seen the prototypes; the performance is astonishing. The aspiration:
Become the world’s primary supplier of high-performance helmets, displacing incumbents in
markets from construction to motorsports.

Fully Autonomous PPE Supply Chain Control Tower This is the nervous system of the
entire Industry 5.0 ecosystem. It’s not just about visibility; it’s about Al agents making thousands
of decisions per minute—re-routing materials, adjusting factory production quotas based on
weather forecasts affecting construction sites, and dynamically pricing products based on
real-time capacity. India’s IT leadership makes us uniquely qualified to build and operate such a
complex, data-intensive system. The aspiration: Achieve a 99.5% on-time delivery rate and a
30% reduction in total logistics costs for the entire sector.

Table SF.1: Ten Breakthroughs - Impact-Feasibility Matrix
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Market
Opportunit y
(USD Bn, Target TRL India
Innovation 2035) TRL 2026 2035 Advantage Priority
1. 0.4 5 9 Chemical High
Circular engineerin g
PU talent,
Ecosyste m manufactu
ring clusters
2. Green 0.8 4 9 Specialty High
lonic chemicals
Liquid ESD industry,
R&D labs
3. 1.2 6 9 Frugal High
Adhesive-fr engineerin g,
ee design
Footwear centers
4, Al- 0.5 5 9 IT/Al Medium
Generate powerhous e,
d Design massive
domestic
workforce
5. Smart 1.5 6 9 Electronics | High
PPE design &
(Sensors) mfg base
(Make in
India)
6. Digital 0.2% 7 9 National Critical
Product digital
Passport infra
(ONDCQ),
IT services
7. 0.7 4 8 Strong Medium
Self-healin polymer
g Polymers science R&D
(CSIR, IITs)
8. 3D 0.6 6 9 Indigenous | Medium
Printed machine
9. 1.0 5 9 National High
Graphene graphene
Helmets mission,
10. 0.3* 5 9 IT Critical
Autonom leadership
ous Control , hational data
Tower platforms
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*Enabling-technology market size; actual impacted value is sector-wide.

XIl. Conclusion - Strategic Recommendations

Stop thinking like job-shop operators and start acting like technology companies. The future value is in
the IP, the data, and the material science, not just the moulding machine. 1. Ring-fence Investment:
Allocate a non-negotiable 3-4% of annual revenue to a dedicated digitization and R&D fund. This is not
a cost; it is capital for future competitiveness. 2. Forge Academic Partnerships: Every major
manufacturer must have a formal, funded research program with at least one premier institution (an IIT,
NIT, or CSIR lab). Co-develop, co-own the IP. 3. Appoint a Chief Transformation Officer: Elevate
the digitization and sustainability agenda.

This role must report directly to the CEO, not the CIO or Head of Operations, and have P&L-level
accountability for the roadmap goals. 4. Embrace Pilot Programs: Dedicate one production line as a
“beta line” for testing new technologies—Al inspection, new materials, digital twin simulations. Foster
a culture where fast failure is permitted and learning is the primary output. 5. Focus on Exports:
Proactively design for the global market. Attain EN ISO certifications not as a chore, but as a gateway.
Target niche, high-value segments like ESD footwear or specialized chemical-resistant

gloves.

For Government and Regulators

Policy must act as an accelerator, not a brake. The government’s role is to set ambitious standards,
de-risk strategic investments, and build enabling infrastructure. 1. Standards Harmonization:
Immediately task the Bureau of Indian Standards (BIS) with a time-bound project (18 months) to fully
harmonize IS 15298 with EN ISO 20345:2022. This single move eliminates a major non-tariff barrier to
exports. 2. Targeted PLI Scheme: Extend the Production-Linked Incentive (PLI) scheme specifically
to the PPE sector, with higher incentives for products with >25% recycled content, embedded smart
technologies, or novel materials. 3. National EPR Framework: Design and legislate a national
Extended Producer Responsibility (EPR) framework for PPE by 2028. This creates a sustainable
funding mechanism for the collection and recycling infrastructure outlined in Phase 2. 4.

Cluster Development 2.0: Upgrade infrastructure at the key PPE clusters (Agra, Kanpur,
Bahadurgarh, Ambur). This is not just about roads and power; it’s about creating shared Centers of
Excellence for testing, prototyping, and material R&D.

For Investors

The investment thesis is clear: a fragmented, under-digitized sector on the cusp of a technology-led
consolidation and margin expansion. The opportunity is to back the winners who embrace this
transformation. Look for management teams that talk about OEE, circularity, and TRLs, not just order
books. The shift from a 12% to an 18% EBITDA margin business is where the value will be created.
This is a chance to fund the creation of India’s first set of global, billion-dollar brands in the industrial
safety space.

For Research Institutions

Your work must move from the laboratory to the factory floor. The metrics of success are not just
published papers but licensed patents and successful technology transfers. * CIPET & CLRI: Focus on
process innovation for chemical recycling of polymers and creating bio-based alternatives to PVC and
PU. * lIT-Kanpur & lIT-Roorkee: Establish dedicated centers for advanced materials (graphene,
self-healing polymers) and footwear engineering (biomechanics, generative design). Your computer
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science departments must work with mechanical engineering to build the AI models for this sector.

For Technology Providers

Your solutions must be contextualized for India. A one-million-dollar Al solution designed for a
German automotive plant is useless to a shoe manufacturer in Agra. Develop India-priced, scalable
solutions for SMEs. Focus on modularity, ease of implementation on legacy equipment, and O&M
models that do not require an army of PhDs to run. The market for retrofitting is immense.

For Industry Associations (CLE, ISF, IFLMEA)

Your role is to be the primary catalyst. You must lobby for the policy changes outlined, organize
members into consortia for large-scale projects like glycolysis plants, and be the central body for
managing the national workforce reskilling program. Stop organizing trade shows as your primary
activity and start architecting a modern industrial ecosystem.

The moment to act is now. The confluence of maturing technologies, geopolitical supply chain
realignment, and India’s own domestic manufacturing impetus has created a window of opportunity.
This window will not stay open forever. The difference between becoming a global leader and a
perpetual follower will be decided by the actions we take, or fail to take, in the next 36 months. We have
the roadmap, the talent, and the ambition. It is time to execute.
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