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Abstract: India's pharmaceutical sector keeps the world running. We manufacture one out of every five generic pills traded globally.
Our vaccines reach over half the planet's population. Yet underneath that success sits a massive split in our industry. Some firms operate
with cutting-edge smart manufacturing. Others? Still running the same batch processes their founders used decades ago. This paper
examines that divide and what it means for India's future. We gathered insights from 324 industry professionals spread across Gujarat's
major pharmaceutical hubs, looked at what the global market intelligence tells us, and tracked regulatory movements. The story isn't
complicated: large enterprises are sprinting toward Industry 4.0. Most small and medium companies are stuck. They point to familiar
obstacles—money problems, technical headaches, skills shortages. The numbers suggest India's smart manufacturing opportunity is
worth around USD 78 billion by 2033, with pharma expanding at 10.5% per year. Government schemes like the PLI program (36,940
crore committed) and CDSCO's regulatory overhaul are creating openings. Yet structural issues remain—API imports still dominate,
systems don't talk to each other, and digital knowledge is scarce. We end with a practical roadmap for reaching full Pharma 4.0 capability
by 2035.
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1. Introduction

Let's start with something obvious: manufacturing changed
fundamentally. Cyber-physical systems, IoT networks,
artificial intelligence, advanced robotics, cloud platforms,
massive data analytics—these aren't separate technologies
anymore. They're weaving together into something that
transforms how things actually get made. For
pharmaceuticals, that transformation carries stakes everyone
recognizes better quality control, stricter compliance, lower
costs, stronger global standing. For India, it's even higher.
We're everywhere in global pharmaceutical supply chains.
Our choices ripple worldwide (Schwab, 2016; Lasi et al.,
2014).

The numbers tell part of the story. Third largest
pharmaceutical market by volume, fourteenth by value. Our
market hits USD 79.74 billion by some projections in 2031,
growing at 5.74% annually. One-fifth of all generic medicines
in global trade come from us. We produce 60% of global
vaccines. We supply roughly half of America's generic drugs.
Impressive, right? Except here's what doesn't make it into
those headlines: manufacturing in India still relies heavily on
batch processing, manual testing, paper documentation. Big
companies like Sun Pharma, Dr. Reddy's, Biocon? They're
moving fast. Most of the 10,000+ small manufacturers?
They're watching from the sidelines, unsure if they can afford
the leap (Grand View Research, 2024; IBEF, 2025).

This examination covers three critical time periods. First,
what manufacturing looked like before everything went
digital. Second, what's happening right now- we've got actual
data from 324 professionals working across Gujarat's clusters.

Third, reasonable projections through 2035. We're pulling this
together from market data, regulatory changes, and raw
feedback from people actually running pharmaceutical
operations.

2. Manufacturing Yesterday: The World Before
Digital

2.1 How Things Actually Worked

Forget myths about Indian pharmaceutical brilliance.
Through the 1990s and 2000s, success came down to three
things: doing it cheaper than anyone else, having solid
chemistry expertise, and following FDA and EMA rules.
Technology innovation in the factory? Nobody was chasing
that (ISPE, 2018).

Step inside a pharmaceutical plant from that era. Batch
processing ran everything. Ingredients got weighed by hand.
Mixed. Granulated. Compressed into tablets. Coated.
Packaged. Each step separate. Each batch required manual
prep, quality checks scattered throughout, endless paperwork.
Switching between products? Hours sometimes. Batches
failed at 5-8% rates? That was just normal pharmaceutical
life. Nobody panicked.

Documentation was madness. Paper ruled. Batch records
lived in file folders. Logbooks were handwritten. People
signed things with pens. Quality teams tracked everything
manually. Data integrity? That wasn't really a concept many
people worried about until the FDA started showing up with
warning letters. A major Indian API manufacturer got hit in
2011 for data problems that seemed minor until regulators
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looked closer. Then suddenly it looked catastrophic. The
vulnerability was real (FDA, 2011).

IT infrastructure was fractured. If a company had an ERP
system, a Manufacturing Execution System, a laboratory
information manager- they worked separately. Production
planning didn't talk to quality. Quality didn't talk to supply
chain. Information sat in silos. When something happened on
the manufacturing floor, it took 24-72 hours for the
information to reach decision-makers who could actually do
something about it. That gap created problems nobody
wanted to think about.

Automation existed as scattered islands. Sure, big formulation
plants had packaging equipment. Some had basic analytical
instruments. But the majority of Indian operations- especially
companies making APIs and intermediates- relied on semi-
automated equipment from the 1980s and 1990s. Predictive
maintenance didn't exist. When something failed, you called
a technician. When it worked, you didn't question it.

Quality testing meant pulling samples and crossing fingers.
Manual sampling. Sending things to the lab. Running
conventional analytical methods. Tests took days. Real-time
testing? Continuous verification? These existed in textbooks,
not factories (ISPE, 2018).

2.2 Pressure from Multiple Directions

Around 2013, everything started pressing down
simultaneously. Regulators got serious. The FDA and
European regulators issued over 50 warning letters to Indian
firms between 2013 and 2018. Data integrity problems. GMP
violations. Inadequate deviation investigations. They weren't
issuing cautionary notes anymore. They were shutting
facilities (FDA, 2018).

Market conditions shifted. Global pharmaceutical buyers
wanted transparency. They needed tracking- DSCSA in
America, FMD in Europe. The cost advantage that built
India's empire? It was vanishing. Labor got expensive.
Compliance costs climbed. Chinese API manufacturers
started winning contracts we'd held (Department of
Pharmaceuticals, 2020).

COVID-19 exposed everything like nothing else could.
Suddenly everyone realized: 70-80% of our critical APIs
came from overseas. Largely from China. When borders
closed, so did our supply chains. The industry held its breath.
The experience changed how people think about vulnerability
(Department of Pharmaceuticals, 2020).

Digital transformation stopped being optional. Industry 4.0
technology offered an exit route. Improve quality? Yes. Cut
costs? Yes. Comply better? Yes. Build supply chain
resilience? Finally, yes. All from one transformation.

2.3 The Human Problem Nobody Talks About

People didn't arrive knowing this stuff. Chemistry education
taught chemistry. Pharmacy education taught pharmacy.
Mechanical engineering taught mechanics. Digital
competency? Not part of the curriculum. Data analytics? Not

discussed. Systems thinking? Not emphasized. Workers made
decisions based on experience. Hierarchies meant change
moved slowly. Departments rarely collaborated (ISPE, 2020).

This human capital gap mattered as much as any technology
gap or financial constraint. The ISPE Pharma 4.0 framework
makes this crystal clear: deployment involves much more
than buying equipment. You need new skill sets, new
operational approaches, new thinking from leadership (ISPE,
2020).

3. The Current State: Where we are now

3.1 Market Reality in 2026

Global Pharma 4.0 topped USD 16 billion in 2025.
Projections show USD 47 billion by 2034, expanding at
12.7% yearly. India's portion is growing faster than most other
regions. Our smart manufacturing sector generated USD
23.23 billion in 2025 and races toward USD 78 billion by
2033- a 15.7% yearly climb. That's the fastest among major
manufacturing economies (Grand View Research, 2025).

Pharma specifically: USD 17.79 billion in 2023, heading
toward USD 35.38 billion by 2030. That's 10.5% annual
growth. The smart manufacturing segment for pharma sat at
USD 0.29 billion in 2026- roughly 2% of global
pharmaceutical smart manufacturing revenue. Looks small
until you realize it reflects where adoption stands right now.
As technology spreads and investment flows, that share will
expand dramatically (Fortune Business Insights, 2026).

What's fuelling this? Populations aging. Chronic diseases
increasing. R&D spending accelerating. Clinical trial activity
rising. Government incentives through the PLI scheme
(R15,000 crore pumped into pharma) matter significantly.
Corporate IT spending for manufacturing optimisation is
climbing (Grand View Research, 2024; Mordor Intelligence,
2026).

3.2 Which Technologies Are Actually Getting Used?

Talk to anyone in Indian pharma and ask what they're actually

using from the Industry 4.0 toolkit. The answer varies wildly.

1) Sensors and IoT: This is winning. Roughly 72% of large
pharmaceutical firms have deployed connected sensors
somewhere. Temperature monitoring in logistics.
Humidity tracking in storage. Vibration sensors on
critical equipment predicting failure before it happens.
These technologies are spreading fastest (Mordor
Intelligence, 2026).

2) Al and Machine Learning: This is lagging. Only 31%
of Indian pharma firms report active AI/ML work. But
the split is dramatic. The big players- Sun Pharma, Dr.
Reddy's, Biocon—are pouring resources into Al for drug
discovery, process optimisation, demand forecasting.
The thousands of smaller operators? Mostly watching.
When Roche deployed NVIDIA Al infrastructure for
drug discovery in March 2026, it sent a message: global
leaders are accelerating. Indian firms felt the competitive
pressure (Grand View Research, 2026).

3) Digital Twins: Virtual replicas of physical processes
used for simulation and optimization. Mostly confined to
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CDMOs and large formulation facilities right now. But
through 2025-2026, contract manufacturers increasingly
adopted digital twin technology and Al frameworks for
process optimization and technology transfer,
particularly for complex generic drugs (Grand View
Research, 2026).

4) Blockchain: Still very early. Being explored for supply
chain transparency- meeting international serialization
requirements, fighting counterfeiting. Regulatory trends
toward end-to-end traceability are creating demand
(Cervicorn Consulting, 2026).

5) Automation: Deployment jumped 50% over five years.
Collaborative robots handle repetitive work. Automated
guided vehicles optimize internal logistics. Efficiency
gains and cost reductions are measurable (Cervicorn
Consulting, 2026).

6) Cloud Systems: Cloud-based MES, ERP, quality
platforms are becoming standard for mid-size and large
firms. Software commands 56.4% of India's smart
factory market revenue- reflecting how central digital
solutions are for optimization and data management
(Cervicorn Consulting, 2026).

3.3 Geographic Patterns

Pharma clusters

personality.

1) Gujarat: One-third of India's pharmaceutical output.
28% of exports. Over 3,000 units concentrated in
Ahmedabad, Vadodara including the Halol region, and
Ankleshwar. Pulled in 34,200 crore of PLI funds by
December 2025. Home to three approved mega bulk drug
parks. Emerging digital readiness through automation
adoption, IoT quality systems, supply chain pilots. SME
integration?  Still patchy (IBEF, 2025; Mordor
Intelligence, 2026).

2) Maharashtra: Controls largest smart factory market
share in India at 20% in 2025. Strong industrial
foundation, major hubs in Pune and Mumbai,
government backing for automation. Pharma in
Aurangabad and Nashik increasingly uses MES and
quality software for regulatory compliance (P&S
Intelligence, 2025).

3) South India: Fastest growth. Telangana and Andhra
Pradesh expanding at 7.27% annually through 2031.
Hyderabad Pharma City added 12 new units and 8,500
crore in investment during 2024-2025. Aurobindo cut
dependence on Chinese inputs by 28%. Karnataka's 25%
subsidy for biosimilar plants attracted %2,400 crore
investment in 2024-2025 (Mordor Intelligence, 2026).

4) Tamil Nadu and Kerala: Growing steadily. Diabetes
prevalence exceeding 12% drives chronic disease
medication demand. Pharmaceutical operations adopting
digital health technology and smart manufacturing at an
accelerating speed.

aren't evenly distributed. Each has

3.4 The Uncomfortable Truth: Size Matters

Here's what nobody wants to say out loud: digital adoption
splits drastically by company size. Large firms score
dramatically higher than SMEs. In Gujarat's survey, 68% of
respondents came from large companies, 22% from mid-size,
just 10% from SMEs. Why? Four reasons.

1) Capital: Large firms can absorb the cost of digital
infrastructure- sensors, platforms, cloud systems, Al
deployment. SMEs face brutal capital constraints.
Financial barriers predict non-adoption more strongly
than anything else (B =—0.402, p <0.001).

2) Technical talent: Big companies have IT departments,
data scientists, automation engineers on staff. SMEs hire
outside consultants or rely on vendors. That dependency
creates problems and limits adaptation.

3) Regulatory pressure: Large firms exporting to regulated
markets face external pressure: traceability, electronic
records, real-time monitoring. SMEs serving domestic
markets feel weaker regulatory push.

4) Ecosystem access: Large firms partner with global
technology companies—Siemens, ABB, Rockwell,
Honeywell. They join consortia and access government
incentives. SMEs lack bargaining power and network
connections.

This divide is dangerous. If Industry 4.0 concentrates among
large firms, we'll create a bifurcated industry: one segment
fully digital serving export markets, another stuck with legacy
systems serving cheap domestic generics. That fractures our
competitive position and wastes potential.

4. What the Data Actually Shows: Gujarat
Pharmaceutical Cluster Evidence

4.1 How We Conducted This

We surveyed 324 senior professionals across Gujarat's
pharmaceutical sector: 159 in Ahmedabad, 75 in Ankleshwar,
84 in Vadodara, 6 elsewhere. The sample included 41% from
small firms, 28% from medium firms, 31% from large firms-
proportional representation across the size spectrum.
Everyone completed a structured questionnaire using 5-point
Likert scale responses.

The data quality was excellent. All reliability scores exceeded
a > 0.839. The adoption scale achieved a = 0.906—well
above expectations for PhD-level research. Zero missing
values across 324 respondents and 98 variables. While
normality tests showed deviation from perfect normal
distribution, the large sample (324) ensured parametric tests
held up. Variance was equal across groups (Levene's test, p =
0.468) (Nunnally, 1978; Hair et al., 2010).

4.2 How Different Are the Clusters?

Across Gujarat, Industry 4.0 adoption averaged 3.35 on a 5-
point scale (SD = 0.32). Moderate adoption. Not absent, not
saturated. Consistent with broader Indian patterns: digital
transformation is advancing but unevenly.

ANOVA revealed significant cluster differences: F (2, 315) =
23.15, p < 0.001, n* = 0.128. Every cluster differed
(Bonferroni-corrected):

Vadodara led with mean 3.55 (SD = 0.34), significantly
above Ahmedabad (difference = —0.22, Cohen's d = —0.68)
and Ankleshwar (difference =—0.40, d = —1.22).
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Ahmedabad hit 3.33 (SD = 0.32), higher than Ankleshwar
(difference = 0.18, d = 0.58) but lower than Vadodara.

Ankleshwar trailed at 3.15 (SD = 0.31).

These differences matter beyond statistics. Cluster explains
12.8% of adoption variance- substantial for one geographic
variable. Proximity to research institutions, infrastructure
quality, ecosystem density influence digital adoption
trajectories (Grand View Research, 2025).

4.3 Does It Actually Help?

Yes. Linear regression proved adoption predicts both

productivity and cost efficiency:

o Productivity: Adoption predicted productivity (B =0.558,
t=12.62, p < 0.001), explaining 33% of variance. Each
unit increase in adoption brought 0.558 wunits of
productivity gain. Pearson correlation: r = 0.575 (p <
0.001)—strong positive relationship.

e Cost Efficiency: Adoption predicted cost efficiency (f =
0.500, t = 11.45, p < 0.001), explaining 29% of variance.
Correlation: r = 0.538 (p < 0.001).

The takeaway hits hard: Industry 4.0 isn't luxury technology.
It's a performance driver with measurable operational
consequences. The consistency across two distinct metrics
strengthens this argument.

4.4 Workforce Transformation

Adoption connected with workforce change significantly:

¢ Role transformation: Adoption predicted role change (
=0.527,R?=0.356, F=177.67, p < 0.001). Correlation: r
=0.596 (p <0.001).

e SKkill demand: Adoption predicted increased skill
requirements (B = 0.462, R? = 0.286, F = 128.77, p <
0.001). Correlation: r = 0.535 (p < 0.001).

Organizational readiness averaged 3.19 on the 5-point scale
(o = 0.852)—moderate preparedness. It correlated positively
with adoption (r = 0.714), productivity (r = 0.682), and
workforce change (r = 0.682). Translation: firms with higher
digital readiness capture more benefits.

This matches global evidence. A GlobalData survey of 109
industry professionals found 49% identified skill shortages as
the top digital barrier. The Pistoia Alliance showed 44% of
life-science R&D organizations cited skills as a major AI/ML
obstacle. The World Economic Forum estimates failure to
reskill could mean Z8.5 trillion in lost revenue globally and
an 85 million jobs gap by 2030 (Intuition Labs, 2025).

4.5 What Actually Stops Adoption?

Multiple regression with four barrier types explained 76% of

adoption variance- exceptionally high for social science

research. All four mattered:

o Financial barriers dominated (B = —0.402, p < 0.001).
High capital costs, limited affordable financing, uncertain
ROI keep SMEs stuck.

o Technical barriers came second (f =—0.207, p <0.001).
Skill deficits, weak infrastructure, legacy system
integration challenges.

e Organizational barriers had moderate impact (f =
—0.156, p = 0.001). Change resistance, hierarchy, weak
cross-team work.

o Regulatory barriers weakest but significant (f =—0.100,
p =0.029). Complex requirements, validation uncertainty,
unclear AI/ML guidance.

Multicollinearity diagnostics confirmed independence: all
VIF values under 2.3 (well below 5.0 threshold). That 76%
explanatory power tells us barriers collectively represent the
dominant adoption constraint.

Policy implication: prioritise financial enablement, then
technical capability building, then organisational change, then
regulatory clarity.

5. Government Support and Regulatory
Transformation

5.1 What Government is Actually Doing

India's policy push targets pharmaceutical modernisation and

import independence through multiple channels:

1) PLI Scheme for Bulk Drugs: 36,940 crore launched in
2020 targeting 41 critical APIs, key starting materials,
intermediates previously imported. By December 2025:
48 greenfield projects approved for 33 products.
Investment hit 34,814 crore- exceeding the 34,330 crore
commitment. Thirty-eight projects covering 28 products
commissioned, establishing 56,800 MT annual domestic
manufacturing capacity. Cumulative sales crossed 32,300
crore, including exports. Import avoidance: 1,800+
crore. Over 4,000 jobs created (PharmaBiz, 2026; PIB,
2026).

2) The broader 15,000 crore Pharma PLI program
dramatically outperformed expectations. 340,890 crore
invested- more than double the 17,275 crore
commitment. 726 APIs/key starting materials now
produced. 191 are manufactured in India for the first
time. Domestic sales reached 326,123 crore (eHealth
Elets, 2025).

3) Bulk Drug Parks: 33,000 crore scheme approved three
mega parks in Andhra Pradesh, Gujarat, and Himachal
Pradesh valued at 6,306 crore. Each park receives
%1,000 crore central assistance plus state incentives-
capital subsidies, interest subvention, tax reimbursement.
World-class facilities- utilities, waste treatment, steam,
warehousing- at subsidised rates (eHealth Elets, 2025).

4) National Manufacturing Policy: Targets increasing
manufacturing's GDP contribution to 25% by 2025,
creating Industry 4.0 ecosystems through skilling, data
frameworks, Al development.

5) AI National Program: Develops Al manufacturing
solutions through skilling, data infrastructure, Al centres.
Could generate 10 million new jobs (P&S Intelligence,
2025).

6) PMKYVY 4.0: Released 2023, trains 100 million people
in high-demand skills- AI, machine learning, cloud
computing. Emphasises  apprenticeships, quality,
inclusion (Tapan Ray, 2023).
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5.2 CDSCO's Digital Overhaul

CDSCO s

technology-first:

1) National Single Window System: Unified platform for
regulatory approvals, reducing interfaces, streamlining
processes. Phasing from medical devices to other
categories (Digital Health News, 2024).

2) Online Drug License System: "One Nation-One Drug
Licensing"- digital portal standardising requirements
across states, maintaining a comprehensive license
database, enabling instant verification (Digital Health
News, 2024).

3) Track and Trace System: Ensures API traceability
through QR codes/barcodes for imported and
domestically made APIs, starting with 300 top brands,
eventually covering all formulations, vaccines, narcotics
(Digital Health News, 2024).

4) SUGAM Portal: Integrated digital platform for
pharmaceutical regulation- import, clinical trials, drugs,
cosmetics, devices, ethics. March 2025 online CRO
registration launches standardised workflows (Lexology,
2026).

5) Electronic Regulatory Submission: Moving toward
paperless document submission, improving efficiency
and traceability (PharmaRegulatory.in, 2025).

6) Digital Drugs Regulatory System: Proposed integrated
platform  connecting  regulators, = manufacturers,
importers, distributors, retailers, and labs. Integration
with AADHAAR, PAN, Digi Locker, GST, DGFT,
Customs (CDSCO, 2023).

modernising  pharmaceutical regulation

These align with "Digital India" and represent a major e-
governance shift. But companies must invest in regulatory
software, analytics, and staff training (Pharma Focus Asia,
2025).

5.3 International Regulatory Alignment

The FDA and EMA increasingly promote digital-first
approaches: computer software assurance, electronic Module
3, AI/ML guidance, continuous process verification. COVID-
19 highlighted digitalisation's importance for business
continuity and remote audit readiness. CDSCO upskills
inspectors on advanced technology auditing. Compliance
trends emerging:

o Paperless labs for data integrity

e Electronic batch records for compliance and analytics

« Digital validation tools for efficiency

e Al-powered audit trail review

o Real-time continuous monitoring

o Data-driven control strategies

Global regulatory harmonisation will likely influence Indian

policy as CDSCO participates in international forums
(Pharma Focus Asia, 2025).

6. What's Blocking Progress
6.1 Financial Constraints: The Primary Obstacle

Financial barriers dominate with B = —0.402 (p < 0.001).
Multiple dimensions:

1) Capital requirements are severe: Comprehensive
Industry 4.0 infrastructure- IoT networks, MES
platforms, cloud systems, AI/ML, digital twins- costs
mid-sized firms I5-15 crore initially, plus 15-20%
annual maintenance. Most SMEs can't write checks that
large.

2) ROI projections are murky: Labor savings from
automation are obvious. But Industry 4.0 benefits-
quality improvement, batch failure reduction,
compliance enhancement, supply chain strengthening-
resist easy calculation. SMEs on thin margins (8—12%
typical) naturally hesitate at uncertain payback.

3) Financing options are limited: Indian banks prefer
tangible collateral- land, buildings, equipment- not
intangible digital assets. Venture and private equity for
pharma manufacturing technology trails biotech and
digital health significantly.

4) Other investments compete: Firms balance digital
spending against GMP upgrades, validation costs, R&D,
working capital needs. For survival-focused SMEs,
transformation gets postponed indefinitely.

5) PLI schemes help large firms and greenfield projects.
SMEs need targeted micro-financing, technology
vouchers, shared infrastructure models.

6.2 Technical Headaches: The Real Mess

Technical barriers rank second (f =—0.207, p <0.001):

1) Old facilities lack basic: Many plants built pre-2010
miss essentials for Industry 4.0: reliable high-speed
internet, stable power, climate-controlled server rooms.
Outside major cities, these are scarce.

2) Legacy equipment resists integration: Manufacturing
machinery from 20 years ago- mixers, granulators,
presses, coating equipment- wasn't designed for IoT.
Proprietary protocols prevent API access. Retrofitting
requires expensive specialized engineering.

3) Data management overwhelms: Industry 4.0 generates
floods of sensor, equipment, quality, supply chain data.
Managing it- ensuring integrity, security, accessibility,
analytics readiness- requires enterprise infrastructure
most SMEs lack.

4) Cybersecurity became urgent: Connected
manufacturing invites attack. Ransomware hits pharma
globally. Indian SMEs with limited IT security budgets
are targets. The Digital Personal Data Protection Rules
2025 demand encryption, obfuscation, masking, one-
year log retention. Breaches carry 32,500 crore penalties
(Lexology, 2026).

5) Vendor lock-in is real: SMEs adopting proprietary
vendor solutions become dependent, making future
migration expensive. Absent open industry standards
worsens this.

6.3 Organizational and Cultural Obstacles

Organizational barriers matter (f =—0.156, p = 0.001):

1) People resist: Pharma cultures, particularly family
SMEs, value experience and hierarchy. Data-driven,
collaborative, agile operations threaten established
authority. Long-serving managers view digital as threat,
not tool.

Volume 15 Issue 7, July 2026
Fully Refereed | Open Access | Double Blind Peer Reviewed Journal
www.ijsr.net

Paper |D: SR26726142359

DOI: https://dx.doi.org/10.21275/SR26726142359 2537


http://www.ijsr.net/

International Journal of Science and Research (IJSR)
ISSN: 2319-7064
Impact Factor 2025: 7.089

2)

3)

4)

5)

Departments operate separately: Production, quality,
IT, supply chain, regulatory- barely communicate.
Industry 4.0 needs seamless integration. That requires not
just technology but organisational redesign and cultural
shift.

Leadership vision is missing: Our Gujarat data showed
management commitment predicts adoption. Many
owners see digital as a cost to minimise, not investment
in competitiveness.

Employees fear displacement: Automation and Al
worry workers. While evidence shows technology
transforms rather than eliminates roles, this message
rarely gets communicated.

Knowledge concentrates dangerously: Critical
expertise in drug discovery, bioprocess, and
cybersecurity concentrates in a few individuals. This
creates bottlenecks and organisational vulnerability. The
ISPE Pharma 4.0 skill framework flags this as a major
risk (ISPE, 2025).

6.4 Regulatory Uncertainty

Regulatory barriers, while weakest individually (B = —0.100,
p = 0.029), create anxiety:

1)

2)

3)

4)

7.

Validation standards keep evolving: FDA and EMA
issued guidance on computer software and AI/ML. India-
specific guidance remains sparse. Firms hesitate
investing without clear validation rules.

Data integrity scrutiny is intense: Regulators watch
closely. Shifting from paper to electronic systems creates
new vulnerabilities- audit trails, access controls, backup

protocols. SMEs struggle implementing robust
governance.
Multiple regulators, multiple standards: Indian

exporters must satisfy FDA, EMA, WHO-PQ, PMDA
simultaneously. Each has different digital documentation
expectations. Multi-jurisdictional compliance costs
confuse SMEs.

AI/ML pathways are undefined: While regulators open
to digital-first approaches, guidance on Al in
manufacturing- real-time testing, predictive

maintenance, automated quality control- still develops.
Uncertainty breeds caution.

What's Coming: 2026-2035 Projections

7.1 Market Growth Scenarios

Current trajectories suggest:

1)

2)

3)

India Smart Manufacturing: USD 23.23 billion in
2025 — USD 78.05 billion by 2033 (15.7% annual
growth). Pharma sub-sector (currently USD 0.29 billion,
1.99% of global pharma smart manufacturing) expected
to capture a growing share (Grand View Research, 2025;
Fortune Business Insights, 2026).

India Pharma Manufacturing: USD 17.79 billion in
2023 — USD 35.38 billion by 2030 (10.5% annual
growth). Digital integration accelerates through higher-
value products and export strength (Grand View
Research, 2024).

India Pharma Market: USD 57.61 billion in 2025 —
USD 79.74 billion by 2031 (5.74% annual growth).
Digital transformation contributes roughly 0.8 points

4)

5)

through improved adherence, supply chain efficiency,
and operational optimisation (Mordor Intelligence,
2026).

Global Pharma 4.0: USD 18.12 billion in 2026 — USD
47.17 billion by 2034 (12.7% annual growth). India's
share projected to grow from 8% in 2026 to 12—15% by
2034 (Straits Research, 2025).

Asia-Pacific: USD 4.51 billion in 2025 — USD 22.66
billion by 2035. India alongside China, Japan, and South
Korea as primary growth engine (Cervicorn Consulting,
2026).(Phiri et al., 2025)

7.2 Technology Adoption by 2030

1))

2)

3)

4)

5)

6)

IoT and Sensors: Reaching 85-90% among large
firms, 50-60% among SMEs. Real-time monitoring and
predictive analytics showing 45% production error
reduction in early adopters, driving widespread
adoption as costs fall (Cervicorn Consulting, 2026).

Al and Machine Learning: Climbing from 31%
currently to 60—70% among large firms, 30-40% among
SMEs. Catalysts: falling cloud costs, pre-trained
pharma Al models, regulatory clarity, PMKVY 4.0
training (Cervicorn Consulting, 2026).

Digital Twins. Expanding from current CDMO pilots to
40-50% of large enterprises, 15-20% of mid-size by
2030. Standard for process optimisation, technology
transfer, and regulatory submission support (Grand
View Research, 2025).

Blockchain: Growing from nascent to 30-40% among
large firms by 2030, driven by international serialisation
requirements and India's track-and-trace expansion.
Cloud Manufacturing Platforms: 70-80% adoption
among large firms, 40-50% among SMEs by 2030.
Shift from on-site to cloud through lower capital needs,
better scaling, improved managed cybersecurity, and
regulatory acceptance for GMP compliance.
Autonomous Manufacturing: By 2030, the "future-
ready pharma factory" will work autonomously but with
human oversight, self-optimising, data-rich, digitally
validated, interoperable, sustainable, connected.
Paperless (Pharma Focus Asia, 2025).

7.3 Workforce Transformation Out to 2035

1)

2)

3)

Job displacement isn't elimination: The World
Economic Forum estimates 30% of pharma jobs could
face automation risk. But evidence points to
transformation- repetitive manual work automated, new
roles emerging in analytics, Al management,
cybersecurity, digital validation, process optimization.
Net result: job creation, potentially 10 million new
positions across Indian manufacturing (P&S
Intelligence, 2025).

Skills are shifting: By 2030, the workforce needs: (a)
digital literacy and data fluency; (b) technical skills for
automation and advanced tech; (c) interdisciplinary
collaboration; (d) RegTech expertise (ISPE, 2025).
Reskilling beats hiring: Retraining existing staff
improves retention by 25%, operational efficiency by
15%, costs 50% less than recruiting new talent. Yet 70%
of hiring managers struggle finding Al-qualified
candidates (Intuition Labs, 2025).
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4)

5)

Education must adapt: Pharma schools need Industry
4.0 integrated into curricula. Industry-academia
partnerships- apprenticeships, research collaborations,
curriculum co-creation- are essential.

Gender matters: PMKVY 4.0 targets women and
underrepresented groups. Women currently
underrepresented in pharma manufacturing tech and
leadership. Targeted skilling could boost equity and
talent supply.

7.4 Regulatory Evolution

1)

2)

3)

4)

5)

Digital-first frameworks arriving: CDSCO's
transformation will mature. By 2030, paper-based
regulatory submissions largely eliminated.

AI/ML guidance coming: CDSCO expected to issue
AI/ML guidance: validation requirements, algorithm
transparency, data governance, continuous learning
protocols. Will align with international standards while
addressing India's context.

Global harmonization advancing. Indian framework
increasingly aligns with FDA, EMA, WHO standards,
boosting export competitiveness (Pharma Focus Asia,
2025).

Data protection tightening: Digital Personal Data
Protection Act creates governance frameworks. By 2030,
enterprise-grade cybersecurity mandatory, regular audits
required, incident response protocols needed. 32,500
crore penalties drive investment (Lexology, 2026).
Sustainability merging with  manufacturing:
Environmental regulations intersect digital
manufacturing. Energy-optimized, paperless operations
become regulatory requirements. Carbon tracking, waste
minimization, circular economy principles integrate into
GMP.

7.5 Three Possible Futures

1)

2)

3)

Optimistic (25% probability): Accelerated PLI
success, rapid SME adoption through shared
infrastructure, clear regulatory guidance, successful
workforce skilling. India's pharma smart manufacturing
reaches USD 15-18 billion by 2035. Large enterprises
90%+ adoption, SMEs 60-70%. India becomes global
hub for complex generics, biosimilars, contract
manufacturing.

Baseline (50% probability): Steady but uneven
progress. Large enterprises and CDMOs reach 70—80%
adoption, SMEs 35-45%. PLI delivers on API targets but
slower. Regulations mature but trail technology. Pharma
smart manufacturing hits USD 10-12 billion by 2035.
Sector maintains generic competitiveness, gradually
expands into higher-value work.

Pessimistic (25% probability): PLI underperforms,
SME adoption stalls at 20-25%, regulations remain
fragmented, workforce skilling fails. Geopolitics and
cyber threats add pressure. Pharma smart manufacturing
only reaches USD 6-8 billion by 2035. The sector loses
ground to China and Eastern Europe.

Policy choices 2026-2030 determine which path materialises.

8.

Building The Roadmap: Toward

Pharma 4.0

Steps

8.1 Phase 1: Get Your House in Order (2026-2027)

1))

2)

3)

4)

)

Conduct an honest assessment: Every firm- especially
SMEs- should run comprehensive digital maturity
assessments using standard frameworks (ISPE Pharma
4.0, ACATECH 14.0). Evaluate current tech, workforce
skills, organisational culture, regulatory standing. No
rose-tinted glasses. Real assessment.

Audit infrastructure: Examine equipment, IT systems,
data infrastructure against [4.0 needs. Identify
connectivity gaps, sensor deployment priorities, cloud
readiness.

Build teams and plan change: Leadership commitment
predicts success. Cross-functional digital teams must
form production, quality, IT, regulatory, supply chain.
Change management programs must address workforce
anxiety, clarify vision, align incentives with digital
adoption.

Talk to regulators: Proactively engage CDSCO, state
authorities, international bodies. Understand digital
validation expectations, electronic submission protocols,
AI/ML compliance. Join pilot programs to shape
favourable policy.

Use available government help: Maximise PLI scheme,
bulk drug parks, PMKVY 4.0, state subsidies.

8.2 Phase 2: Run Controlled Pilots (2027-2029)

1)

2)

3)

4)

5)

6)

Deploy IoT strategically: Start with high-impact, low-
risk applications: cold-chain monitoring, warehouse
management. Monitor critical equipment- temperature,
humidity, pressure, vibration. Document ROI through
reduced downtime, extended equipment life, lower
maintenance costs. Use pilot results to build business
cases.

Upgrade manufacturing systems: Implement or upgrade
MES, integrate with ERP. Electronic batch records,
automated weighing and dispensing, real-time dashboards
first. Cloud-based MES offers lower capital and faster
deployment for SMEs.

Try predictive maintenance: Pick 2-3 critical lines. Use
vibration, thermal, Al anomaly detection. Show results:
less unplanned downtime, longer equipment life, lower
costs. Use pilots to justify broader rollout.

Digitalise quality: Implement digital QMS for automated
deviations, electronic logbooks, digital validation.
Paperless labs- LIMS linked to instruments- fix data
integrity risks and speed batch release.

Build digital twins: For large firms and CDMOs, create
1-2 process replicas. Simulate, optimise, transfer
technology, support submissions. Document regulatory
acceptance of digital twin-derived process knowledge.
Train people: Launch targeted upskilling for digital
literacy, data analytics, equipment operation. Partner with
universities, NSDC providers, vendors. Cultivate internal
"digital champions."
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8.3 Phase 3: Scale and Connect (2029-2032)

1) Roll out enterprise-wide: Expand IoT, MES, digital
quality across all lines and facilities. Build integrated
data platforms connecting production, quality, supply
chain, regulatory systems. Deploy analytics and Al for
optimisation, yield improvement, predictive quality.

2) Connect supply chains: Implement end-to-end visibility
platforms integrating suppliers, makers, distributors,
retailers. Deploy blockchain traceability for API
sourcing, serialisation, counterfeiting prevention. Link to
CDSCO track-and-trace and international serialisation.

3) Integrate contract manufacturing networks: Deploy
collaborative platforms for technology transfer,
production monitoring, quality management across
CDMO networks.

4) Advanced Al deployment: Al-driven drug discovery,
process optimisation, demand forecasting. NLP for
regulatory documents and adverse event monitoring.

5) Add sustainability: Energy management systems,
carbon tracking, waste minimisation analytics. Align
manufacturing KPIs with ESG reporting.

8.4 Phase 4: Lead Globally (2032-2035)

1) Build autonomous factories: Self-optimising processes
with minimal routine intervention. Advanced robotics,
AGVs, Al-driven control with human exception
handling.

2) Consider continuous manufacturing: For appropriate
products, transition from batch to continuous using real-
time release testing. Requires deep PAT, digital twin, and
Al-quality integration.

3) Shape global standards: Lead international standards
bodies on digital manufacturing, Al validation, and data
integrity. Develop proprietary digital compliance
frameworks that become industry benchmarks.

4) Create innovation ecosystem: Build India as a global
pharma digital innovation hub. Startups, consortia,
public-private partnerships focused on Pharma 4.0.
Leverage India's STEM talent, cost advantages, growing
markets.

5) Go truly sustainable: Net-zero operations through Al
energy management, waste minimisation, closed-loop
resource use.

9. Conclusion

India's pharmaceutical sector faces a crossroads. We built
something remarkable- we're the world's pharmacy. But cost
advantages are eroding. Regulatory pressure is rising. COVID
exposed supply chain fragility. Competition is intensifying.

Industry 4.0 is both threat and opportunity. The evidence
proves this: adoption predicts real performance gains.
Productivity improves substantially (B = 0.558, R? = 0.33).
Cost efficiency jumps (B = 0.500, R? = 0.29). Workforce
transforms (B = 0.527, R? = 0.36). These aren't marginal
improvements. They reshape competitive position.

But barriers are real and specific. Finance matters most (B =
—0.402). Technical issues (f =—0.207). Organisational culture

(B=-0.156). Regulatory uncertainty (§ =—0.100). These four
explain 76% of adoption variance.

The government built serious support: PLI scheme (36,940
crore), bulk drug parks, workforce training, CDSCO digital
transformation. Early results show promise—domestic API
production, cost savings, job creation. But large firms benefit
disproportionately. SMEs remain largely outside.

The biggest danger: a bifurcated industry. Digital leaders
serving regulated markets. Legacy manufacturers stuck in
domestic generics. That fractures competitiveness and wastes
potential.

Closing that gap means SME-targeted help: shared digital
infrastructure, affordable financing, modified PLI schemes,
cluster-based training. The framework is clear. Government
showed commitment. Technology is ready. People can learn.

What happens next isn't predetermined. The baseline
scenario—steady progress, large firms at 70—80% adoption,
SMEs at 35-45%- is probable. But policy choices 2026—2030
matter enormously. Prioritise financial support. Build
technical capability. Drive organisational change. Clarify
regulatory rules.

The future-ready pharma factory of 2030 will be autonomous
yet supervised, data-rich, validated digitally, interoperable,
sustainable, connected. That's not years away. That's
achievable.

Indian pharma leaders must decide now—invest in digital
infrastructure, reskill people, engage regulators, build
partnerships. Technology is ready. Policy is moving.
Workforce can adapt. The only question is: do we have the
will to lead?

This analysis bridges global technology trends and India's
manufacturing reality. The findings matter: digital
transformation isn't a distant aspiration but an immediate
imperative. Our window for leadership is closing with each
delayed decision. The question isn't whether to transform. It's
whether we'll lead, follow, or fall behind.
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