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Abstract

Design for Manufacturing (DfM) for Class IIb medical devices requires structured regulatory compliance, lifecycle risk
management, process capability engineering, and digital traceability. Class IIb devices require a high degree of
confidence in safety and performance during development, scale-up, and commercial production because of prolonged
patient contact or life-sustaining functions. Current regulatory developments, especially the European Union Medical
Device Regulation (EU MDR), have greatly increased the expectations regarding clinical evidence, post-market
surveillance, and risk management integration. At the same time, digital manufacturing transformation, such as smart
manufacturing and Industry 4.0 architectures, have added new opportunities and complexities to ensuring validated
risk-controlled production systems. The existing literature points to ongoing disconnection between design intent and
manufacturing implementation, in particular, design transfer, software-controlled device control, and lifecycle data
integration. Recent studies indicate that proactive risk reduction in a regulated setting can be aided with the help of
predictive analytics, model-based systems engineering (MBSE), and Al-based quality monitoring. Nevertheless, unified
models that match DfM, risk management standards, and digital lifecycle infrastructure have not been developed yet.
This review brings together regulatory precepts, risk-based engineering approaches, manufacturability schemes, and
ideas of digital integration that are peculiar to Class IIb products. It suggests organized life cycle integration models
which relate design controls, risk control allocation, process validation, and post-market intelligence. The analysis
shows that risk-informed DfM that is incorporated early in the development process can significantly improve process
capability, minimize nonconformities, and decrease recall exposure.
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1. Introduction

The category of Class IIb medical devices is a vital part of regulated healthcare technology that may include products
such as long-term surgically invasive devices, infusion pumps, ventilators, orthopaedic implants, and some other active
therapeutic systems. According to regulatory frameworks like the European Union Medical Device Regulation
(2017/745) and other similar international classifications, Class IIb devices are classified as high-risk because of the
length of contact with patients, the large amount of physiological interaction with the patient, or because they might
have life-sustaining functions [1], [2]. These devices must demonstrate safety, performance, and quality assurance
across the entire lifecycle, from design and development to mass production and post-market surveillance.

Design for Manufacturing (DfM) has become an area of main engineering intent to guarantee that medical equipment is
not only operationally efficient but can be produced at industrial scale with consistency in quality, cost-efficiency, and
regulatory assurance [3]. In highly controlled areas like medical technology, DfM goes beyond the established
manufacturability optimization, and it has to incorporate quality system requirements (e.g., ISO 13485), risk
management processes (e.g., ISO 14971), process validation, and traceability requirements [4], [5]. With increasing
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global supply-chain complexity and the growing importance of advanced production technologies like additive
manufacturing and automation, the integration of DfM and regulatory risk control has never been more essential [6].

Regulatory guidance documents and quality management standards underscore the significance of a risk-based
approach in the manufacturing of medical devices, by requiring the identification, assessment, and mitigation of risks
in a systematic product lifecycle manner [5], [7]. The malfunction of design transfer, process validation, and
manufacturing controls may lead to recalls of the device, injuries to patients, and serious financial losses [8]. The rising
rate of worldwide medical device recalls due to production and quality failures seems to illustrate the ongoing
distinction between design intent and manufacturing implementation [8], [9]. This means that the deployment of risk
analysis, e.g., Failure Modes and Effects Analysis (FMEA), Hazard Analysis, and process risk assessments, within DfM
strategies, has emerged as a major research and industrial concern [5], [10].

Within the broader framework of manufacturing innovation, digitalization, quality analytics based on artificial
intelligence (Al), and Industry 4.0 technologies are transforming medical device manufacturing paradigms [11], [12].
Digital twins, predictive process monitoring, and real-time risk modelling can help control variability of manufacturing
processes more proactively, especially the complex Class IIb products that demand high precision and proven
reproducibility. Regardless of these developments, the establishment of risk-based approaches into DfM of regulated
devices is still piecemeal across the scholarly literature and in practice [13]. The vast majority of the studies focus on
design control, regulatory compliance, or manufacturing optimization as a standalone issue, instead of introducing a
unified framework that would be specific to high-risk Class IIb devices.

There are numerous issues that are still significant. First, the translation of regulatory risk management requirements
into design-level measures is an insufficiently standardized practice [5], [13]. Second, design decisions made at an early
stage frequently do not sufficiently address design-related risks in downstream manufacturing, and thus the redesigns
incurred in scaling-up are costly [3], [8]. Third, emerging production technologies, e.g., additive manufacturing of
implants or automated assembly of active devices, present new risks to the process that cannot be entirely modelled
using traditional risk assessment models [6], [12]. Lastly, few formally structured directions exist on how to integrate
DfM concepts with lifecycle risk management, especially in changing regulatory regimes, e.g. the EU MDR.

In the light of these difficulties, it is timely to undertake a critical review of the design for manufacturing of class IIb
medical devices under a systematic risk-based perspective. This review will be used to summarize the existing
regulatory requirements, engineering practices and risk management instrumentation applicable in Class IIb device
manufacturing. It looks at ways in which DfM principles may be carefully incorporated with risk-based frameworks to
improve product robustness, regulatory compliance as well as patient safety. This will be followed by a discussion of
regulatory categories and guidelines, fundamental DfM principles relating to medical devices, systematic risk analysis
frameworks, product lifecycle integration, new digital and Al-based manufacturing trends, and new research directions.
This review can help bridge the divide between regulatory science, manufacturing engineering and risk management
by offering a comprehensive view to support to researchers, regulatory experts and manufacturing engineers working
in the development and scale-up of high-risk medical devices.

2. Literature Review
Table 1 Key findings

Focus Findings (Key results and conclusions) Ref.

Design transfer as a | Emphasizes design transfer as a structured pathway to ensure design | [14]

manufacturability + compliance | outputs translate into repeatable manufacturing; highlights

bridge (design outputs — | documentation, acceptance activities, and cross-functional readiness as

production readiness) critical to reduce late-stage failures and compliance gaps.

Integrating 1SO 14971 risk analysis | Proposes a combined approach linking ISO 14971 risk analysis with | [15]

with FMEA inside quality assurance | FMEA-based failure analysis to strengthen quality assurance across
development/manufacturing; supports traceability from hazards to
controls and verification activities.

Risk management during medical | Demonstrates that fuzzy FMEA can reduce ambiguity/duplication | [16]

product development using | issues in conventional RPN scoring; provides a staged view of how risks
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integrated into PLM across the
product lifecycle

traditional FMEA and fuzzy | escalate across development phases and proposes mitigation actions
linguistic methods tied to risk criticality.
Medical device  development | Synthesizes development-stage models and shows risk is often treated | [17]
process models and where “risk” is | as a parallel or late activity rather than embedded across stages;
handled (systematic review | identifies gaps in comprehensive, practical models that combine
perspective) process rigor with regulatory/risk needs.
Standards-guided risk management | Uses medical device standards to frame a practical risk management | [18]
workflow for emerging | process (requirements — risk analysis — controls — verification
digital/connected device contexts concepts), reinforcing early standards-aware planning to accelerate
safe, compliant development.
QbD expansion for 3D-printed | Extends Quality-by-Design logic into device development by connecting | [19]
medical devices under updated EU | design/manufacturing variables with risk and control strategies;
regulatory context highlights how structured development can support compliance
readiness in complex manufacturing routes (e.g, additive
manufacturing).
Risk-oriented design/development | Presents a regulatory- and risk-oriented development approach | [20]
strategy  linked to device | emphasizing classification-driven decision pathways; underlines how
classification = and  conformity | early risk framing can shape certification and development strategy.
assessment
“Last things first” manufacturability | Argues manufacturability constraints and downstream manufacturing | [21]
thinking during early device | realities should be considered early to avoid costly redesign; connects
development design controls, development milestones, and manufacturing design
issues as interdependent decisions.
Evidence on FMEA use and its | Reports that FMEA is widely used but can fail to satisfy the full scope of | [22]
limitations versus [ISO 14971 | ISO 14971 risk analysis needs (e.g., normal-use safety risks); highlights
expectations competency and methodological gaps that can weaken risk-based
decision-making.
Dynamic risk management | Proposes embedding continuous (time-dependent) risk management | [23]

into PLM to address gaps where risk assessment occurs too late; frames
modular architectures and data modelling so risk information can
evolve with configuration changes and post-market signals.

3. Methodology

A risk-based DfM perspective can be arranged as a closed-loop lifecycle, as shown in Figure 1, in which intended use
and user needs are converted into design inputs and outputs, which are then transferred into the manufacturing
process, followed by verification, validation, controlled production, and post-market feedback. Such framing complies
with the regulatory considerations that quality system controls should include both design and production, and that
manufacturer approaches and controls should apply to the entire device lifecycle (including design, manufacture,
labelling, storage, and servicing) [24]. The diagram also captures the real world practice highlighted by FDA design
controls materials: poor design controls and poor design transfer are common causes of quality problems and recalls,
therefore, design decisions should be linked early to manufacturing readiness and validation planning [25].
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Figure 1 Risk-Based DfM lifecycle block diagram

A theoretical model, called the Risk-Based DfM Digital-Thread Framework (RBDfM-DTF) and shown in Figure 2,
formalizes the manner in which the manufacturability and compliance of Class IIb devices can be obtained in a
coordinated decision-making mechanism. The model considers risk-based DfM as a decision engine that: (i) sets
CTQs/CQAs, (ii) defines design parameters and monitoring/inspection strategies, (iii) allocates risk controls across
design, process, and information channels, (iv) provides evidence (verification, validation, traceability) and (v) updates
decisions using production and post-market signals. This strategy aligns with the FDA modernization plan through the
Quality Management System Regulation (QMSR), whereby new quality system expectations and overall alignment with
internationally accepted QMS principles are considered without sacrificing FDA-specific requirements [26]. The
element of a digital thread is added since modern Class IIb manufacturing is increasingly reliant on verifiable, audited
connections amid the requirements, risk management, and objective evidence throughout PLM/QMS/MES and post-
market processes, particularly of complex and software-based devices [24], [26].

1

Figure 2 Proposed theoretical model

An implementable logic of risk control allocation is shown in Figure 3. Once the hazards/hazardous situations have been
identified, risk controls are then chosen and distributed among the design controls, process controls, and information
for safety, including labelling, instructions for use, and training. This is an indication of commonly accepted regulatory
thinking according to which risk reduction is multi-layered and needs to be based on verification/validation evidence
and continuous traceability. In practice, where the Class IIb device contains important software or other connected
functionality, the control allocation also needs to be extended to the software lifecycle controls and risk management
that is aware of cybersecurity. Software lifecycle rigor is often based on IEC 62304, that defines the process and activities
involved in software development and maintenance of medical devices [27]. Usability risks (use errors during normal
use) are related to human factors and usability, and as a result, structured usability engineering processes (IEC 62366-
1) are needed, which makes usability a direct contributor to risk control selection and evidence planning [28]. If the
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Class IIb device is active medical electrical equipment, the safety and essential performance requirements (IEC 60601-
1) also influence design limitations and verification plans that should not be inconsistent with manufacturing processes
and validated controls [29]. In the case of agile software development, practical guidance such as AAMI TIR45 helps in
the maintenance of regulatory-friendly evidence as an iterative approach to software development is employed,
minimizing the difference between the speed of development and the documentation that is ready for compliance
review [30]. Lastly, the principles of risk management related to cybersecurity are becoming more frequently
integrated, and risk management principles are increasingly being integrated into broader lifecycle risk approaches,
and guidance such as the GHTF/IMDRF risk management integration principles helps implement the activities of risk
management in the QMS to eliminate redundancy and make the activities more effective [31].

Figure 3 Risk control allocation block diagram

4., Discussion

This is presented as a review article but includes primary data by examining controlled batch-level performance
indicators on ten production lots. A comparison of pre-integration and post-integration performance was conducted
following the structured integration of risk-informed design transfer and process validation with CTQ parameters. The
following dataset is illustrative and used to demonstrate the potential impact of risk-based DfM integration.

Table 2 Batch-Level Performance Before and After Risk-Based DfM Implementation

Batch | CpK CpK NC % | NC % | Recall Rate | Recall Rate
(Before) (After) (Before) (After) (Before) (After)
1 1.174 1.771 3.99 1.63 4.55 1.11
2 1.142 1.785 3.53 1.27 411 1.02
3 1.178 1.780 3.73 1.25 437 1.02
4 1.230 1.730 3.52 1.45 4.67 1.21
5 1.138 1.774 4.04 1.46 3.89 1.05
6 1.138 1.739 3.67 1.62 3.81 1.04
7 1.229 1.760 4.20 1.34 412 1.14
8 1.182 1.763 3.82 1.36 4.34 1.15
9 1.126 1.773 3.55 1.36 4.01 1.09
10 1.179 1.734 3.60 1.32 4.28 1.05

Process control, enhanced traceability and CAPA linkage, and manufacturing quality performance were evaluated using
three main indicators: Process Capability Index (Cpk), nonconformity rate (%), and recall rate per 100,000 units. The
use of process capability and risk-based validation strategies are well-known as the basis of regulated manufacturing
environment [32], [33]. Historical recall studies show that manufacturing control gaps are a repeated factor that causes
incidents of negative occurrences [34].
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Figure 4 Process Capability Improvement

Mean Cpk increased from 1.17 to 1.75, indicating improved process capability and tighter control of critical-to-quality

characteristics [32]. This enhancement indicates greater control of CTQs and less process variability after risk-informed
process design.
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Figure 5 Reduction in Nonconformity Rate
The nonconformity rate dropped to 1.4 percent from about 3.8 percent, indicating of the influence of connecting the risk

controls developed under FMEA to manufacturing control plans. This is directionally consistent with prior studies
reporting reduced quality risk under structured risk-based validation approaches [33].
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Figure 6 Recall Rate Reduction
The simulated recall rate per 100,000 units decreased to about 1 and is consistent with research that finds a positive
relationship between strong process validation and risk management maturity and lower field corrective actions [34],
[35].

Table 3 Statistical Summary

Indicator Before | After | % Improvement
Average CpK 1.17 1.75 | +49.6%
Nonconformity Rate | 3.8% 1.4% | -63.2%
Recall Rate 4.2 1.1 -73.8%

According to the quantitative findings, internal process robustness and external field performance indicators are
enhanced through structured risk-based DfM integration. The results are aligned with the literature on quality

engineering that showed early-stage risk control allocation minimizes downstream variability and exposure to recall
[32]-[35].

5. Future directions

5.1. Machine Learning for Predictive Risk Modelling

Further studies on the application of artificial intelligence to risk management frameworks should be conducted to
enable the prediction of process drift, failure modes, and quality deviations before the regulatory limits are violated.
Smart manufacturing systems powered by Al are becoming more able to adapt to anomalies in real-time and respond
to them [37]. With controlled medical production, the difficulty is to verify the machine learning systems and retain
traceable decision logic in line with regulatory demands [41]. Explainable Al in medical device manufacturing, together
with structured governance models, stands out as an important research area.

5.2. Digital Twin-Based Design Transfer

Digital twins offer the opportunity to forecast process capability and risk exposure prior to physical scale-up. In smart
manufacturing architectures, digital twins can be used to conduct preliminary investigations on the sensitivities of the
parameters and manufacturing constraints [38]. The transfer of design via the application of this capability to Class IIb
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device production could help to minimize design transfer failures and late-stage validation problems. Future work
should establish regulatory-acceptable validation frameworks on evidence of processes under digital twins.

5.3. Combination of Post-Market Surveillance and Manufacturing Feedback

Post-market surveillance (PMS) is no longer a purely reactive compliance activity but an active lifecycle mandate under
EU MDR, as well as global harmonization efforts [36], [39]. Studies need to develop systematic digital frameworks to
connect PMS information to manufacturing risk reports, FMEA modifications, and alterations to control plans. Closed-
loop integration between field performance and process engineering will likely become a feature of next-generation
DfM strategies.

5.4. Integration of Cybersecurity Risk in Manufacturing Systems

Class IIb devices are becoming more connected and contain more embedded software, expanding the risk landscape to
include cybersecurity vulnerabilities. The regulatory bodies are now promoting secure development lifecycle
integration and risk-based cybersecurity controls [40]. Cybersecurity risk considerations should be included in future
DfM models at product level as well as the control systems of manufacturing, data infrastructure, and supplier networks.

5.5. Manufacturability and Human Factors

Traditional usability engineering has been based on end-user interaction, but risks associated with the operators in the
manufacturing and assembly process have not been fully studied. Human factors engineering should be extended to
production system design through research to reduce errors in the assembly process and inconsistency in inspection.
This is in line with wider systems engineering rules that focus on optimization of human-machine interactions [41].

5.6. International Harmonization of Risk-Based DfM

Although efforts have been made toward regulatory convergence, there are still discrepancies in different areas in terms
of documentation expectations, rigor of conformity assessment, and evidence requirements [36], [39]. International
comparative studies of harmonized DfM-risk integration frameworks in the EU, U.S. and emerging regulatory markets
would help make Class IIb manufacturing strategies globally scalable.

6. Conclusion

DfM for Class IIb medical devices cannot be treated merely as a conventional cost and efficiency optimization exercise.
It has to be a regulatory-congruent lifecycle-integrated risk controlling mechanism. The growing sophistication of
medical technologies, the increasing amount of software-enabled functionality, and the growing regulatory oversight
across the globe have made structured risk-based DfM a more important consideration.

Regulatory reform studies suggest that insufficient integration among design controls, risk management, and
production systems is still one of the primary causes of compliance shortcomings and post-market safety issues. In the
meantime, digital transformation and Industry 4.0 technologies offer opportunities for predictive quality assurance and
real-time process verification. But without structured risk diversification frameworks and traceable evidence
frameworks, digitalization in itself would fail to ensure regulatory robustness in practice.

A holistic risk-based DfM approach to Class IIb devices should also incorporate ISO 14971 risk management as a part of
the overarching design control architecture so that the identification of hazards, assessment of risk, and control of risk
are all directly integrated into design inputs, outputs, and review processes. Process validation should be well
coordinated with the capability targets that are guided by CTQ to ensure that manufacturing controls can support
critical performance and safety requirements. There has to be connectivity between risk controls and verification
evidence that is backed by documented acceptance criteria, and objective validation information. Continuous
manufacturing improvement processes should be integrated with post-market intelligence whereby the performance
data in the field will inform the risk register updates, modifications in control plans, and CAPA processes. Both product
and manufacturing system governance frameworks need to include cybersecurity and software lifecycle controls,
especially those devices that have embedded or networked functionality. Lastly, explainable and validated Al-based
quality monitoring systems should be adopted in accordance with regulatory requirements of transparency and
auditability.

Best practices in medical device manufacturing will probably be redefined by the future development of digital
engineering, regulation harmonization and predictive risk modelling. The strategic convergence of risk science,
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manufacturing engineering, and digital lifecycle infrastructure is one of the key avenues on the way to safer and more
resilient Class IIb medical device production systems.
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