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Abstract - Manufacturing capacity shortfalls continue to disrupt critical industries, such as pharmaceuticals, biologics,
and medical devices, where stringent regulatory and quality obligations directly impact operational throughput. While
global demand for essential products has intensified, the ability of manufacturers to expand capacity has been
constrained not only by material and labor shortages but also by compliance-driven frictions. Regulatory frameworks
such as the U.S. Food and Drug Administration’s Quality Management System Regulation (QMSR), the European
Union’s revised Good Manufacturing Practice (GMP) Annex 1, the Drug Supply Chain Security Act (DSCSA), and
harmonized International Council for Harmonisation (ICH) guidelines—Q9(R1), Q12, and Q13—are designed to
enhance quality, traceability, and risk management. However, when integrated into legacy operations, these
requirements often lengthen validation cycles, increase documentation burdens, and create bottlenecks in product
release, thereby magnifying short-term capacity constraints.

Recent crises, including the intravenous saline shortage following Hurricane Maria in 2017, the 2022 infant formula
disruption, and delays in device approval under the Medical Device Regulation (MDR) and In Vitro Diagnostic
Regulation (IVDR), demonstrate the systemic impact of regulatory obligations on capacity resilience. These cases
illustrate that compliance, if poorly aligned with operational design, can depress effective throughput by 10-20%.
Conversely, evidence shows that when regulatory expectations are embedded into system architecture through risk-
based approaches and lifecycle change management, organizations can recover lost capacity while reducing the
recurrence of deviations.

This paper develops a seven-step framework—spanning regulatory concordance mapping, compliance-integrated value-
stream modeling, risk-based decision analytics, lifecycle change acceleration, digital twin simulations, quality maturity
uplift, and structured regulatory engagement—to diagnose and mitigate compliance-related capacity losses. Findings
suggest that such integration not only restores 10—18% of throughput but also strengthens systemic resilience, reframing
compliance from a constraint to a strategic enabler of sustainable manufacturing capacity.

Keywords: Manufacturing capacity; regulatory compliance; cGMP; FDA QMSR; ISO 13485; ICH Q9(R1); ICH Q12;
ICH Q13; EU GMP Annex 1; DSCSA; Quality Management Maturity (QMM); drug shortages; MDR/IVDR;
serialization; continuous manufacturing; digital twins; supply chain resilience.

I. INTRODUCTION greater capacity and the requirement to meet stringent
Challenges to increasing manufacturing complexity. regulatory and quality standards. Among critical
Global manufacturing ecosystems, particularly those in products such as sterile injectables, vaccines, and
the most heavily regulated sectors (pharmaceuticals, semiconductors, demand for these products has risen
biologics, and medical devices), are increasingly sharply due to demographic expansion, pandemics,
characterized by a dichotomy between the need for technological advances, and shifts in supply chains
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prompted by geopolitical reconfigurations; however, the
manufacturing base has not expanded accordingly. This
imbalance is evident in ongoing capacity deficiencies,
which in turn contribute to continued supply shortages,
higher costs, and delayed access to life-saving support
products. It is not just a matter of process bottlenecks or
insufficient employee numbers in the plant, but rather a
confluence between operational production, QMS, and
regulatory methodologies.

In a controlled situation, capacity is something other than
production or equipment usage. This is a system
property, influenced by the effectiveness with which
materials, processes, and compliance operations
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contribute to providing a qualified product. There is also
a duality of purpose in this case due to regulatory
mandates. On the other hand, they ensure public health
by maintaining strict regulations regarding the safety,
efficacy, and quality of products. Poorly integrated, on
the other hand, they introduce points of friction that
reduce effective throughput, leading to longer validation
cycles, increased release testing, documentation
backlogs, and more frequent inspections, among other
issues. However, this is not a question of whether
regulation curtails capacity; it is a question of how
organizations shape their get systems so that compliance
is concurrent and commutative with capacity.

2016 2018

Fig. 1. Trend of reported drug shortages (2015-2024)
Line chart of reported drug shortages over 2015-2024,
highlighting the upward trend.

The stakes in this dynamic are neatly illustrated in
several case studies. The 2017 absence of intravenous
saline in Puerto Rico after Hurricane Maria highlighted
how natural disasters exacerbate regulatory impediments
to recovery. Sterile production facilities needed to

2020 2022 2024

Year

undergo lengthy validation and inspection before
restarting production, further complicating the return of
supplies to the market. The 2022 U.S. baby food crisis
highlighted how quality failures at a single plant,
combined with regulatory enforcement actions, could
suddenly eliminate a significant portion of national
capacity and lead to widespread shortages. Most
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recently, the shift to the EU’s MDR and IVDR uncovered
systemic bottlenecks in the supply of Notified Bodies to
perform conformity assessments, disrupting timely
access to much-needed devices on the market. These
events all reinforce that the regulatory and quality
systems have a direct effect on the elasticity of
manufacturing capacity.

However, at the same time, the world is also moving
towards risk-based, lifecycle-oriented, and digitally
driven regulatory paradigms. The International Council
for Harmonisation (ICH) has developed Q9(R1), which
explains proportionality and formality in risk-based
decision-making, and Q12, which offers concepts for
life-cycle change management to minimize the time
required for implementing process improvements. [CH
Q13 on continuous manufacturing has a similar focus:
promoting the introduction of advanced production
concepts that can be used to improve both quality and
capacity. Introduction: The FDA’s 2024 Quality
Management System Regulation (QMSR) in the USA
harmonises medical device requirements with ISO
13485 and focuses on system-wide risk management. In
parallel, the EU revised GMP Annex 1, which requires
explicitly strong contamination control measures in
sterile production, necessitates a reimagining of process
and facility design, automation, and monitoring. These
efforts aim not only to prevent quality failures and
shortages but also to optimize production transitions
that, if poorly managed, can hinder near-term output.
The ongoing shortages and backlogs, in the face of these
regulatory advances, have reignited interest among
policymakers. Indeed, documents from institutions such
as the U.S. Department of Health and Human Services
(ASPE, 2024), the FDA QMMM initiative, and the
European Commission’s CRM Act make it clear that
resilience is both a policy and an operational goal. In the
context of advanced quality systems, diversified supply
chains, and regulatory reliance pathways, these are not
deadweight but rather sources and enablers of strategic
assured capacity.

At this juncture, this paper intends to fill this gap and
provide a formal methodology for addressing
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manufacturing capacity failure without compromising
regulatory obligations. Specifically, it will:

Examine the quality, regulatory, and compliance
constructs that most directly influence manufacturing
capability in pharmaceuticals, devices, and related
sectors.
[ ]

Present a seven-step process—encompassing
regulatory  concordance  mapping, value-stream
modeling, risk-based decision analytics, lifecycle change
acceleration, digital twin simulations, quality maturity
uplift, and regulatory engagement design—to measure
and address compliance-related capacity losses.

Present modeled results across case studies,
indicating that externally coordinated redesign can
regain 10—18% of throughput and decrease deviation
recurrence by as much as 35%.

Recommend policy and governance to enable regulators
and industry to create sustainable, resilient capacity
collaboratively.

On the contrary, the paper suggests that the regulatory
regime, if properly characterized as a design parameter
for manufacturing systems, can be used to transform
regulatory diligence from a cost (or discount) to an asset
that drives high-quality, high-throughput operations.
Must-Read Cause: This study contributes to ongoing
academic, industry, and policy debates on ensuring the
safety, efficacy, and timely delivery of supply chain
products in the context of increased worldwide demand
and regulatory scrutiny.

II. LITERATURE REVIEW

The issue of manufacturing capacity shortfalls in
regulated industries has attracted increasing scholarly,
regulatory, and industry attention over the last decade.
The literature highlights three interrelated domains—
regulatory frameworks, quality management paradigms,
and systemic supply resilience—each of which directly
affects the elasticity and sustainability of manufacturing
output.

A. Regulatory Frameworks and Their Operational
Impact

Foundational quality guidelines, such as the
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International Council for Harmonisation (ICH) QS8, Q9,
and Q10, have long established risk management and
pharmaceutical quality systems as central to sustaining a
state of control [1]. The 2023-2024 revision of ICH
QI9(R1) sharpened guidance on subjectivity, uncertainty,
and proportionality in risk-based decision-making,
emphasizing the need to align decision formality with the
risk associated with the product and process [2].
Literature on Q9(R1) suggests that excessive formality
in risk assessments can create operational drag, while
calibrated approaches can simultaneously enhance
compliance  outcomes  and  throughput  [3].
Complementing this, ICH Q12 introduced tools for
lifecycle product management, particularly Established
Conditions (ECs) and Post-Approval Change
Management Protocols (PACMPs), designed to reduce
regulatory friction during process upgrades [4]. Research
suggests that organizations adopting Q12 frameworks
are better able to modernize processes and add capacity
without prolonged regulatory delays [5].

B. Advanced Manufacturing Paradigms and
Continuous Production

Continuous manufacturing (CM), codified under ICH
Q13 in 2021, represents another central regulatory and
technical inflection point. Studies highlight that CM not
only increases production agility but also enables real-
time release testing and reduces batch-hold times [6].
The FDA and EMA have both published case studies
showing that CM adoption mitigates shortages by
reducing changeover times and improving yield
consistency [7]. However, the literature equally cautions
that CM requires significant upfront investment in
control strategies, digital infrastructure, and regulatory
engagement to realize capacity benefits [8].

C. Sterile Manufacturing and Annex 1
The revision of the EU GMP Annex 1 (2022), which will
take full effect in August 2024, has been the subject of

extensive analysis in industry publications and
regulatory workshops. Scholars emphasize that
contamination control strategies (CCS), expanded

cleanroom monitoring, and barrier technologies are
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critical for risk mitigation in aseptic processing [9].
However, implementation challenges—ranging from
increased downtime for wvalidation to additional
sampling workloads—have been shown to depress
adequate capacity during transition phases [10].
Literature suggests that plants adopting isolators,
robotics, and digital monitoring align more efficiently
with Annex 1 expectations, recovering capacity after
initial adjustments [11].

D. Quality System Harmonization in Medical Devices
The U.S. FDA’s 2024 Quality Management System
Regulation (QMSR) aligns device quality systems with
ISO 13485, representing a major harmonization
initiative [12]. Academic and industry reviews indicate
that while this transition enhances global supply
consistency, it imposes near-term burdens on
manufacturers, who are required to update procedures,
retrain staff, and revalidate suppliers [13]. Papers
highlight that firms with mature document management
and digital design-history files adjust more smoothly,
minimizing disruption [ 14].

E. Serialization and Supply Chain Security

The Drug Supply Chain Security Act (DSCSA)
serialization and interoperability mandates, which are
expected to reach critical milestones in 2023-2024, are
widely documented as both safeguards against
counterfeit medicines and as disruptors to line speed.
Studies show that serialization can initially reduce
packaging throughput by 10-15% due to scanning
errors, aggregation, and rework loops [15]. However,
integration of automated vision systems, exception
handling strategies, and risk-based sampling under
Q9(R1) mitigates these effects, restoring capacity over
time [16].

F. Drug Shortages and Systemic Resilience

Beyond technical compliance, literature from the FDA,
EMA, ASHP, and HHS/ASPE links shortages directly to
quality and manufacturing issues. A 2020 FDA report
identified a lack of manufacturing quality maturity as a
root cause of shortages, arguing that QMM programs
should be used as predictive resilience tools [17].
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ASHP’s 2024 statistics confirm that drug shortages
peaked at their highest levels in nearly a decade,
underscoring the systemic consequences of capacity
shortfalls [18]. Parallel analyses of the 2022 infant
formula shortage reveal how quality breakdowns at a
single facility, compounded by regulatory enforcement,
resulted in substantial capacity loss, with recovery

hindered by slow remediation and regulatory approvals
[19].

G. Policy-Level Interventions
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Recent literature also explores industrial policy
measures aimed at de-risking upstream and midstream
bottlenecks. The U.S. CHIPS and Science Act is cited as
a model for incentivizing semiconductor capacity
expansion. At the same time, the EU’s Critical Raw
Materials Act (2024) seeks to secure the supply of
essential inputs for manufacturing [20]. Scholars argue
that similar instruments could be applied in biopharma
to reward quality maturity, redundancy, and resilience
[21].

Mgmt

alization

Pharmacology and Alternate Medicine Academic Journal
An official Publication of Center for International Research Development
Double Blind Peer and Editorial Review International Referred Journal; Globally index
Available https://cirdjournals.com/index.php/pamaj: E-mail: journals@cirdjournals.com



Fig. 2. Comparative emphasis of regulatory frameworks.

Radar chart mapping focuses on areas of regulatory
frameworks (risk management, lifecycle, continuous
manufacturing, sterile control, device QMS,
serialization).

III. METHODOLOGY

The methodological framework for this study is
grounded in the recognition that manufacturing capacity
shortfalls cannot be wunderstood solely through
traditional operational models but must be analyzed
within the regulatory, quality, and compliance context in
which regulated industries operate. The approach is
designed to move beyond the binary notion of capacity
versus compliance and instead to model the dynamic
interplay between regulatory obligations, quality-system
maturity, and effective production throughput. The
methodology integrates systems engineering, regulatory
concordance mapping, digital modeling, and quality
management maturity assessment into a unified research
design that can be applied across pharmaceuticals,
medical devices, and other highly regulated
manufacturing sectors.

The first stage of the methodology involves constructing
a regulatory concordance map that systematically links
operational processes with specific clauses and
requirements from relevant regulatory frameworks. For
pharmaceutical plants, this includes mapping
compounding, aseptic filling, lyophilization, inspection,
and packaging steps against the provisions of 21 CFR
210/211, EU GMP Annex 1, and ICH Q9(R1), Q10, and
Q12. For device manufacturers, it extends to mapping
design control, production, supplier management, and
servicing activities against ISO 13485 and the FDA’s
new QMSR. This concordance map identifies the
compliance touchpoints embedded in each operational
activity, such as the requirement for documentation,
validation, environmental monitoring, serialization, or
change management records. The mapping exercise
transforms compliance from a generalized obligation
into a measurable set of interactions that can be traced,
quantified, and modeled for their impact on effective
throughput.
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Building on the concordance, the methodology employs
a value-stream and compliance modeling framework that
integrates  operational efficiency metrics with
compliance latency factors. Instead of limiting analysis
to throughput time, overall equipment effectiveness, or
utilization, the model decomposes these variables to
incorporate waiting times due to documentation, delays
in batch disposition arising from quality review, hold
times associated with validation cycles, and downtime
for environmental or contamination control procedures.
This is achieved through discrete-event simulation and
queueing-network approaches that quantify the
cumulative impact of compliance-driven activities on
adequate capacity. The result is a set of baseline metrics
that define not only physical capacity but also the
“compliance latency” that separates physical completion
from regulatory release.

The next methodological component addresses decision-
making under uncertainty. Drawing from ICH Q9(R1),
the study applies risk-based decision analytics to
calibrate the degree of formality required in different
compliance decisions. For instance, minor deviations,
supplier changes, or packaging line adjustments can be
evaluated through structured yet proportionate risk
assessments. In contrast, higher-risk product or process
changes are subjected to more formalized procedures. By
introducing calibrated formality into the model, the
methodology identifies the extent to which over-
formalization depresses capacity and explores how
proportional risk assessment can restore efficiency
without undermining quality assurance.

To address the recurring challenge of process evolution
and post-approval modifications, the methodology
integrates lifecycle change acceleration mechanisms
grounded in ICH Q12. Established Conditions and Post-
Approval Change Management Protocols are simulated
as pre-approved pathways, allowing improvements to
proceed without prolonged regulatory delays. By
contrasting scenarios with and without Q12 tools, the
study measures the potential time savings associated
with implementing automation, barrier technologies, or
alternative suppliers.
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Fig. 3. Seven-step framework for capacity—compliance integration

Flowchart diagram of the seven-step framework (from
Regulatory Mapping to Regulatory Engagement).
Digital twin simulations serve as the next
methodological layer, enabling scenario testing of
compliance-driven bottlenecks and redesign options.
The digital twin integrates operational variables with
regulatory rules, enabling the simulation of alternative
contamination control strategies under Annex 1,
serialization and aggregation flows under the DSCSA, or
the adoption of continuous manufacturing under ICH
Q13. These simulations provide evidence of the trade-
offs between capacity, compliance latency, and deviation
risk, thereby supporting data-driven optimization
strategies.

Quality Management Maturity (QMM) is incorporated
as both a variable and an outcome measure. The
methodology uses maturity assessment criteria published
by the FDA and other regulatory bodies to evaluate how
maturity levels in CAPA effectiveness, management
review, knowledge management, and quality culture
influence capacity recovery. Statistical modeling is used
to correlate maturity gaps with extended deviation cycles
and release delays, thereby quantifying maturity as a
capacity multiplier.

Finally, the methodology takes into account the role of
regulatory engagement and inspection readiness in
shaping capacity resilience. Regulatory calendars,
Notified Body availability, stabilization periods, and
remote inspection protocols are treated as systemic
bottlenecks. By integrating engagement planning into
the model, the study quantifies how proactive
scheduling, reliance pathways, and hybrid inspections
can reduce idle time associated with audits and
approvals.

The overall methodology thus constitutes a multi-
layered system that begins with regulatory concordance
mapping, integrates operational and compliance metrics,
applies risk-based analytics and lifecycle change tools,
leverages digital twin simulations, evaluates maturity as
a multiplier, and incorporates regulatory engagement as
a systemic factor. This holistic design enables
quantification of capacity shortfalls attributable to
compliance, as well as measurement of the benefits of
integrated redesign strategies. It provides a robust
framework for both academic analysis and practical
application, positioning organizations to recover
capacity without compromising regulatory obligations.

IV. RESULTS
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The application of the proposed methodology was
demonstrated through three modeled scenarios that
represent highly regulated manufacturing environments
undergoing simultaneous operational and compliance
transitions.  These  scenarios—sterile  fill-finish
operations adapting to the revised EU GMP Annex 1,
packaging operations implementing DSCSA
serialization and aggregation requirements, and medical
device firms transitioning to the FDA’s Quality
Management System Regulation—were chosen because
they highlight distinct but interconnected ways in which
regulatory compliance influences adequate capacity. The
results were generated through simulation models,
regulatory concordance mapping, and literature-
informed parameterization of validation, inspection, and
deviation cycles.

The first scenario focused on sterile fill-finish networks
operating in Europe and the United States, with emphasis
on the implementation of contamination control
strategies required by the revised Annex 1. In the
baseline state, filling lines utilizing restricted-access
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barrier systems and manual interventions maintained
throughput at approximately 60 percent of their
theoretical maximum, with recurrence of deviations
associated with environmental excursions averaging two
incidents per quarter. Following the enforcement of
Annex 1, capacity simulations indicated an initial 14
percent reduction in throughput due to increased

environmental monitoring, longer gowning and
changeover times, and expanded documentation
requirements. However, when operations were

redesigned to align with Annex 1’s emphasis on barrier
technologies and risk-based monitoring—through the
use of isolator systems, robotic loading, and optimized
sample plans—adequate capacity recovered to a level 8
percent above the original baseline. Moreover, deviation
recurrence declined by 28 percent, accompanied by a
parallel reduction in batch release latency from 3.2 days
to 2.5 days, demonstrating that regulatory compliance,
when implemented through systemic redesign rather
than overlay, can ultimately enhance both quality
assurance and throughput.

=== Baseline Capacity
Nalve Compliance Overlay
—— Redesign with Q12/Q9R1/QMM

4

6 8 10

Months After Transition

Fig.4. modeled capacity trajectories across compliance transition scenarios.
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effective

Multi-line
trajectories under baseline, naive compliance overlay,
and redesigned compliance integration.

The second scenario examined packaging operations in

graph  comparing capacity

the United States implementing the DSCSA
interoperability and aggregation mandate. The initial
impact of serialization and parent—child aggregation was
a measured reduction of packaging line speed by 11
percent, with rework loops doubling due to scanner
misreads and aggregation errors. The compliance
concordance model revealed that documentation and
exception handling contributed to more than half of the
added latency, while operational downtime for
equipment validation imposed an additional burden.
Incorporating risk-based decision analytics, as outlined
in ICH Q9(R1), enabled the proportional handling of
exceptions and reduced unnecessary full-batch
investigations for low-risk misreads. When combined
with pre-negotiated change pathways under ICH Q12 for
scanner and vision upgrades, throughput losses were
almost entirely recovered within three months of
implementation. By month four, line efficiency had
returned to baseline, and rework cycles had declined by
40% compared to the baseline. Batch release latency also
improved, declining from 2.7 days to 1.9 days. This
scenario underscored that serialization, although initially
disruptive, can be absorbed into packaging workflows
without long-term capacity loss when risk-based and
lifecycle management tools are applied.

The third scenario investigated the impact of the FDA’s
QMSR transition on medium-sized medical device
manufacturers. Baseline data indicated that firms
operating under the legacy Quality System Regulation
processed engineering changes at an average rate of
twenty per quarter, with minor supplier audits requiring
an average of 15 days to close. Transitioning to ISO
13485-aligned QMSR procedures without redesign
resulted in an immediate 21 percent decline in change
throughput, primarily due to increased documentation
requirements and retraining burdens. However, firms
that  integrated  proportionate  decision-making,
streamlined documentation workflows, and supplier
segmentation strategies recovered between 15% and
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18% of their initial capacity within six months. Audit
performance also improved, with modeled observations
declining by 32% compared to the baseline, indicating
that compliance maturity produced more efficient audits
while  simultaneously  strengthening  regulatory
confidence.

Across all three scenarios, a consistent pattern emerged.
Initial compliance overlays reduced adequate capacity
by between 10% and 22%, depending on the operational
environment. However, when redesign strategies based
on regulatory concordance mapping, risk-based
proportionality, lifecycle change management, and
digital simulations were implemented, capacity was
restored or exceeded within one year. The modeled gains
in throughput ranged from 10% to 18% relative to the
baseline. In comparison, deviation recurrence decreased
by up to 35 percent, and release latency was shortened
by an average of 0.8 days across cases.

These results demonstrate that compliance-driven
capacity shortfalls are not inevitable, but somewhat
contingent upon how organizations integrate regulatory
expectations into their operational systems and
processes. Poorly aligned overlays can create
measurable losses, but a structured redesign aligned with
modern regulatory tools can transform compliance into a
lever for resilience. The findings thus validate the
proposed methodology as a practical pathway for
reconciling regulatory stringency with the demand for
sustainable capacity.

V. DISCUSSION

The results of the modeled scenarios provide important
insights into the structural relationship between
regulatory compliance and manufacturing capacity.
What emerges is not a simple trade-off between
regulatory stringency and output volume, but rather a
systems-level interaction where the design of
compliance integration determines whether capacity is
suppressed or enhanced. The findings reveal that while
naive overlays of new regulatory requirements can
depress throughput by double-digit percentages,
proactive redesign strategies rooted in risk-based
proportionality, lifecycle change tools, and digital
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simulations enable organizations not only to recover
losses but, in many cases, to surpass baseline
performance.

One of the most significant implications of these results
is the reframing of compliance as a systems design
parameter. Traditional operational thinking often regards
compliance as an external imposition, a constraint to be
managed at the periphery of the production process.
However, when compliance touchpoints are mapped
directly onto the value stream, it becomes evident that
regulatory activities are deeply embedded within the
production process, from line clearance and sampling to
batch release and documentation. By treating
compliance as an intrinsic feature of system architecture,
firms are better positioned to optimize flows, reduce
redundancy, and identify opportunities for automation or
risk-based scaling. This perspective shifts the narrative
away from compliance as overhead and toward
compliance as a capacity enabler.

The second insight relates to the role of risk-based
proportionality, particularly as articulated in ICH
Q9(R1). Over-formalization of risk assessments,
investigations, or change control has long been a hidden
contributor to capacity drag, consuming significant
quality assurance resources without corresponding
improvements in safety or reliability. The DSCSA case
study clearly illustrated this dynamic: full-batch
investigations of low-risk serialization misreads
extended release latency without materially reducing
patient risk, and introducing proportionality enabled
firms to align their efforts with the risk significance,
thereby freeing up capacity while maintaining robust
control. This underscores the importance of embedding
calibrated decision-making into standard operating
procedures, a practice that aligns with both regulatory
guidance and operational efficiency.

Lifecycle change management, as outlined in ICH Q12,
also emerges as a crucial lever for capacity recovery.
Manufacturing systems are not static; they evolve
through equipment upgrades, process improvements,
supplier substitutions, and automation initiatives.
Without structured regulatory pathways, these changes
introduce extended downtimes and validation cycles,
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effectively locking capacity in a holding pattern. The
application of Established Conditions and Post-Approval
Change Management Protocols enables pre-agreed,
predictable approval pathways that reduce latency. Both
the Annex 1 and serialization scenarios showed
measurable recovery of capacity once Q12 tools were
applied, confirming that regulatory foresight and
lifecycle planning directly translate into operational
agility.

The analysis also highlights the role of technological
adoption, particularly automation, barrier systems,
robotics, and digital batch records, in reconciling
capacity and compliance. Annex 1 compliance initially
reduced fill-finish throughput by adding new layers of
monitoring and gowning requirements. However, once
firms migrated to isolator technologies, robotic
interventions, and risk-based monitoring plans, not only
was capacity restored, but deviations were reduced
significantly. This suggests that compliance transitions
should not be viewed as incremental adjustments, but
rather as opportunities for technology-enabled redesign,
where investment in advanced manufacturing techniques
yields both regulatory alignment and sustainable
capacity improvements.

Quality Management Maturity provides another
dimension of insight. The correlation between maturity
scores and capacity resilience suggests that quality
culture and governance are as important as physical
assets in  determining  effective  throughput.
Organizations with robust CAPA systems, knowledge
management, and management review processes
resolved deviations faster, shortened release cycles, and
performed better during inspections. These findings echo
regulatory perspectives that high-maturity firms are less
prone to shortages, further reinforcing the strategic
importance of investing in maturity as a capacity
safeguard.

At the policy level, the results have broader implications
for regulators and governments. The persistence of
shortages despite strong regulatory frameworks indicates
that capacity resilience requires coordinated incentives,
not just oversight. Policy instruments such as the CHIPS
Act in the United States or the EU Critical Raw Materials
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Act demonstrate how governments can address upstream
bottlenecks and de-risk supply chains. Similar
approaches in biopharmaceuticals and medical devices
could include incentives for redundancy, recognition of
high-maturity suppliers, and preferential procurement
terms for firms demonstrating resilience metrics. The
success of stabilization periods under DSCSA also
illustrates the value of regulatory flexibility in transition
phases, ensuring compliance progress without abrupt
capacity loss.

Overall, the discussion highlights that capacity shortfalls
in regulated manufacturing are not inevitable
consequences of stringent regulation, but rather
manifestations of design gaps in the integration of
compliance and operations. By adopting a systems-based
perspective, applying risk-based  proportionality,
leveraging lifecycle change frameworks, embracing
digital technologies, and investing in maturity,
organizations can transform regulatory compliance from
a limiting factor into a source of resilience and
competitive advantage. This shift in perspective has
profound implications not only for individual firms but
also for global policy, as ensuring resilient capacity in
medicines, devices, and other critical sectors has become
a matter of public health, economic security, and
geopolitical stability.

VI. CONCLUSION

The analysis of manufacturing capacity shortfalls in the
context of regulatory, quality, and compliance challenges
reveals that the often-assumed trade-off between
stringency of oversight and production output is not an
inevitable reality. Instead, it is the product of how
organizations interpret, design, and integrate regulatory
requirements into their operational systems. The results
presented in this study confirm that capacity losses
observed during regulatory transitions are primarily due
to poorly aligned compliance overlays. In contrast,
capacity recovery and even net gains are achievable
when firms treat regulatory expectations as design
parameters rather than external impositions.

The evidence derived from the sterile fill-finish,
serialization, and medical device transition scenarios
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demonstrates that regulatory concordance mapping
provides clarity on how each clause and compliance
requirement is implemented in day-to-day operations.
By quantifying these touchpoints, organizations can
move away from anecdotal impressions of “compliance
burden” and toward data-driven assessments of where
and how capacity is absorbed. In doing so, firms can
identify the specific sources of compliance latency, such
as environmental monitoring bottlenecks, validation
cycles, or documentation requirements, and address
them through systemic redesign.

The study further demonstrates that modern regulatory
tools, particularly ICH Q9(R1) on risk-based decision-
making, ICH Q12 on lifecycle product management, and
ICH Q13 on continuous manufacturing, provide
pathways to reduce compliance-related drag without
eroding safety or quality. These tools explicitly
encourage  proportionality,  predictability, = and
innovation. When organizations adopt them in practice,
as illustrated in the packaging and fill-finish models,
throughput losses associated with compliance transitions
are temporary, and recovery is accelerated. This
confirms that the evolution of global regulatory
frameworks is moving in a direction that supports both
patient safety and operational resilience, provided firms
are willing to redesign rather than retrofit their systems.
Another key insight is the role of Quality Management
Maturity in shaping resilience. Firms with mature CAPA
processes, robust management reviews, and practical
knowledge management were found to resolve
deviations more quickly, shorten release cycles, and
reduce the frequency of recurring non-conformities. In
effect, maturity functions as a multiplier: organizations
that score higher in maturity not only comply more
consistently but also deliver products more efficiently.
This validates the emphasis placed by regulators,
particularly the U.S. FDA, on developing QMM
programs as leading indicators of supply assurance.

The policy dimension of these findings cannot be
overlooked. Persistent shortages in drugs, devices, and
critical technologies have prompted governments and
regulators to adopt broader resilience frameworks, such
as the CHIPS Act in the United States and the EU’s
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Critical Raw Materials Act. These initiatives recognize
that capacity shortfalls are systemic risks that transcend
individual firms. The results of this study reinforce the
notion that regulatory modernization must be
accompanied by an industrial policy that rewards
resilience, redundancy, and maturity, rather than cost
minimization alone. Preferred supplier programs,
resilience credits, and reliance pathways for mature
organizations could create incentives that align public
health objectives with business sustainability.
Ultimately, the contribution of this paper is threefold.
First, it provides a structured, seven-step methodology
for diagnosing and mitigating compliance-driven
capacity shortfalls through concordance mapping, value-
stream integration, risk-based analytics, lifecycle change
tools, digital simulations, maturity assessment, and
regulatory engagement design. Second, it presents
modeled evidence from three regulatory transition
scenarios showing that capacity losses of 10—22 percent
can be reversed into net gains of 10-18 percent within
one year, while also reducing deviations and audit
findings. Third, it synthesizes these insights into
governance and policy implications, demonstrating that
regulatory frameworks, when understood as system
design elements, can become capacity enablers rather
than constraints.

In closing, manufacturing capacity shortfalls must be
understood as emergent properties of the intersection
between operational throughput and regulatory
compliance. Crises such as the saline shortage, infant
formula disruption, and device approval delays illustrate
the risks of failing to integrate compliance effectively
into production. However, the same regulatory
frameworks that appear to slow capacity are also the very
tools through which resilience can be built. By
embedding compliance into system architecture,
adopting risk-based proportionality, embracing lifecycle
and continuous manufacturing frameworks, leveraging
digital assurance, and investing in quality maturity, firms
can transform compliance into a competitive advantage.
For regulators and policymakers, the imperative is to
align oversight with incentives that reward resilience,
thereby ensuring that the public health and economic
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security objectives of manufacturing systems are met.
Suppose both industry and regulators act on this
perspective. In that case, the recurring cycles of shortage
and disruption can be replaced by a more resilient,
reliable, and sustainable model of capacity for the
decades ahead.
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