@CI EPublish
Article

Enhancing Product Development Excellence through Quality
Management Tools: A Comprehensive Review and Integrated
Conceptual Framework

Attia Hussien Gomaa *

Mechanical Engineering Department, Faculty of Engineering at Shubra, Benha University, Cairo 13511, Egypt
* Corresponding author. E-mail: attia.goma@feng.bu.edu.eg (A.H.G.)
Received: 3 April 2025; Revised: 9 May 2025; Accepted: 3 June 2025; Available online: 5 June 2025

ABSTRACT: In today’s rapidly evolving and highly competitive global markets, achieving product development excellence is
critical for organizations striving for sustained growth and customer-centric innovation. This study highlights the integral role of
key quality management tools in enhancing product development processes, reducing defects, and driving continuous improvement.
It presents a robust methodology that strategically combines Quality Function Deployment (QFD), Failure Mode and Effects
Analysis (FMEA), and the DMAIC (Define, Measure, Analyze, Improve, Control) framework to significantly improve the quality,
reliability, and efficiency of product development efforts. Built on core principles of customer-centricity, innovation, cross-
functional collaboration, continuous improvement, and risk-based thinking, the methodology emphasizes capturing the Voice of
the Customer (VoC) and identifying Critical-to-Quality (CTQ) attributes to align product outcomes with customer expectations and
business objectives. Utilizing the DMAIC framework, the organization systematically drives process optimization and innovation
throughout the product lifecycle Key Performance Indicators (KPIs) are established to track efficiency, quality, customer
satisfaction, and time-to-market, while Agile methodologies enhance flexibility, speed, and responsiveness. The study further
identifies organizational, technical, cultural, and managerial barriers to product development excellence and proposes targeted
strategies to address them and ensure sustainable success. This integrated framework fosters a culture of innovation and continuous
learning, enabling organizations to anticipate challenges, manage risks, and consistently deliver superior product development
outcomes. While currently conceptual, the framework is slated for empirical validation through case studies, pilot projects, and
simulations to verify its practical applicability across diverse development contexts.

Keywords: Quality management; Product development; Total quality management (TQM); Lean six sigma (LSS); Design for
reliability (DfR); Continuous improvement
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1. Introduction

Achieving product development excellence is critical for organizations aiming to succeed in today’s dynamic and
competitive markets. Excellence in product development demands delivering high-quality, reliable products while
continuously innovating to meet evolving customer needs, comply with regulations, and optimize operational efficiency.
A strategic, integrated quality management approach is fundamental to driving superior performance throughout the
product development lifecycle. Customer satisfaction lies at the heart of business sustainability, making robust product
design and development processes critical for maintaining market leadership in manufacturing [1,2].

As illustrated in Figure 1, product development is a systematic and structured process designed to translate
customer needs into high-quality, reliable products [3]. To elevate quality and operational efficiency, organizations
increasingly integrate established quality methodologies, including Total Quality Management (TQM), Lean Six Sigma
(LSS), and Design for Reliability (DfR). TQM fosters a culture of continuous improvement, LSS drives waste reduction
and variability control, while DfR embeds reliability considerations from the earliest design stages. The convergence
of these methodologies streamlines product development cycles, enhances regulatory compliance, and stimulates
innovation, collectively reinforcing an organization’s market position.

https://doi.org/10.70322/ism.2025.10017
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Further strengthening this approach, the Quality by Design (QbD) paradigm, introduced by Juran (1992), offers a
systematic framework for aligning product features directly with customer expectations and quality attributes [4,5].
This paradigm facilitates proactive quality planning that permeates all stages of development, ensuring products meet
or exceed performance criteria while effectively managing risk.

Beyond methodologies, cultivating a pervasive culture of quality excellence is indispensable for long-term success.
Leadership commitment, cross-functional collaboration, and active workforce engagement transform quality from a
mere compliance requirement into a powerful driver of innovation and customer satisfaction. Organizations that embed
quality management principles throughout the product lifecycle are better positioned to enhance regulatory adherence,
strengthen brand reputation, and build lasting customer loyalty. A holistic quality management framework—integrating
proactive risk management, continuous improvement, and customer-centricity—empowers organizations to maximize
efficiency, reduce time-to-market, and sustain growth in dynamic markets [6].

This paper explores the role of quality management tools and organizational enablers in advancing product
development excellence. It focuses on methodologies, cultural factors, and performance optimization strategies that
together form a comprehensive approach to superior product development. The paper is structured as follows: Section
2 reviews relevant literature, Section 3 identifies research gaps, Section 4 outlines the research methodology, and
Section 5 discusses strategic insights, practical recommendations, and future research directions.

Product Development Process
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Figure 1. Product Development Process.

2. Literature Review

This section reviews key Quality management tools applied in product development, including the Quality
Function Deployment (QFD), Failure Mode Effect Analysis (FMEA), Taguchi-based experimental design, Value
Engineering (VE), Kano Model, and TRIZ. These tools are essential for optimizing design, improving efficiency, and
driving innovation in product, service, and process development. Gomaa [3] explored the role of QM in research and
development (R&D), emphasizing the importance of aligning product development with customer needs. While these
tools have been widely studied individually, the literature lacks an integrated framework that systematically combines
them to enhance product value, efficiency, and effectiveness. Additionally, successful implementation requires skilled
development teams capable of managing these tools to drive continuous improvement and innovation.

2.1. A Comprehensive Review of the Quality Function Deployment (QFD) Approach

Quality Function Deployment (QFD), introduced by Akao in Japan (1966), is a structured methodology for
optimizing product development and modification by systematically translating customer requirements (CRs) into
design requirements (DRs) through the House of Quality (HOQ) [7,8]. As the foundation of QFD, HOQ provides a
structured framework to align product design with customer expectations. It consists of key elements, including CRs,
their relative importance, DRs, correlations among DRs, relationships between CRs and DRs, and the prioritization of
DRs—a crucial outcome that directs product innovation and refinement. Table 1 presents an overview of QFD’s core
principles, challenges, process phases, enhancements, industry applications, key benefits, and future trends. A
significant challenge in QFD implementation is the accurate assessment of CRs and their interdependencies with design
factors. Traditional crisp values often fail to capture the uncertainty inherent in human judgment, making precise
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quantification difficult [9—11]. To address this, QFD employs a four-phase approach using structured matrices to
streamline product and process development. Product Planning establishes relationships between CRs and engineering
characteristics (ECs). Design Deployment maps ECs to critical part characteristics through the Part Deployment Matrix.
Process Planning links part characteristics to production processes using the Process Planning Matrix. Production
Planning defines quality control parameters and monitoring methods through the Process and Quality Control Matrix
[12,13]. Due to its structured and systematic approach, QFD has been widely applied in new product development and
the enhancement of existing products across diverse industries. Extensive research has explored its applications, as
demonstrated by studies from [14-25].

Table 1. Summary of Quality Function Deployment (QFD).

Aspect Key Details

Definition A structured methqdology translates customer requirements (CRs) into design requirements (DRs) via
the House of Quality (HOQ) to enhance product and process development.

House of Quality A core QFD tool that visually maps CRs to DRs, ensuring customer-driven prioritization and structured

(HOQ) decision-making.

Challenges Subj.ectilvity in CR assessment, multi-criteria complexity, and scalability issues in large-scale
applications.
1. Product Planning: CRs — Engineering Characteristics (ECs).

Four-Phase 2. Design Deployment: ECs — Critical Part Characteristics.

Approach 3. Process Planning: Part Characteristics — Production Processes.

4. Production Planning: Defines quality control parameters.
- Fuzzy QFD: Addresses uncertainty in CR importance.

gr?g::;::rien ts - AHP/TOPSIS: Optimizes DR prioritization.
- Al & 10T Integration: Enables predictive analytics and real-time decision-making.
Industry Automotive, Healthcare, Aerospace, Software, and Supply Chain, ensuring efficiency, quality, and
Applications innovation.
- Customer-Centric Design for higher satisfaction.
Key Benefits - Reduced Costs & Time-to-Market through efficient planning.

- Improved Reliability & Competitive Advantage.

- Al-Driven QFD & Automation for intelligent design optimization.
Future Trends - Big Data for Real-Time CR Analysis.

- Industry 4.0 Integration for Smart Manufacturing.

2.2. A Comprehensive Review of Failure Mode and Effects Analysis (FMEA)

Failure Mode and Effects Analysis (FMEA), developed by the U.S. military in the 1940s and refined by NASA in
the 1960s, is a comprehensive and proactive risk assessment technique. It systematically identifies potential failure
modes in products or processes, analyzes their root causes and potential impacts, and prioritizes mitigation efforts based
on severity, likelihood, and detectability. By facilitating early identification and prevention of failures, FMEA plays a
critical role in boosting product reliability, safety, and operational efficiency—key pillars of product development
excellence [26-28]. Table 2 summarizes the key aspects of FMEA. FMEA is classified into two primary types: Design
FMEA (DFMEA) and Process FMEA (PFMEA). DFMEA focuses on detecting and eliminating design-related failure
modes, ensuring that products meet functional performance requirements at the system, subsystem, and component
levels. In contrast, PFMEA addresses potential failures in manufacturing and assembly processes, identifying process
deficiencies that may compromise quality. PFMEA is further divided into Manufacturing FMEA and Assembly FMEA,
each targeting specific risks in production operations [29]. With its structured and preventive approach, FMEA is widely
applied across industries to improve product and process reliability while reducing operational risks. Extensive research
has explored its applications, including studies by [30-37].
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Table 2. Overview of Failure Mode and Effects Analysis (FMEA).

Aspect Description
Origin Developed by NASA in the 1960s as a structured approach for system reliability assessment.
Purpose A proactive risk management tool used to identify, analyze, and mitigate potential failure modes in products,
processes, systems, and services.
- Design FMEA (DFMEA): Focuses on failure modes related to product design at the system, subsystem,
and component levels.
Types of - Process FMEA (PFMEA): Addresses failure modes in manufacturing and assembly processes, further
FMEA divided into:
- Manufacturing FMEA: Focuses on failures in production operations.
- Assembly FMEA: Identifies risks in product assembly stages.
- Enhances system reliability and product quality.
- Prevents defects and reduces risks.
Key Benefits . S . . .
- Improves process efficiency and minimizes operational disruptions.
- Facilitates continuous improvement in manufacturing and design processes.
Applications Used across various industries to optimize product development, manufacturing, and quality assurance by

proactively addressing risks.

2.3. A Comprehensive Review of Taguchi-Based Lean Six Sigma

Manufacturing companies continuously strive to enhance competitiveness, process efficiency, and product quality
through Lean Six Sigma (LSS)—a methodology that integrates Lean principles for waste reduction with Six Sigma
tools for variability reduction [38]. Table 3 provides a summary of the key aspects of Taguchi-Based LSS. Several
studies have highlighted the applications of LSS in manufacturing. Gomaa [39] proposed an LSS-DMAIC framework
for the spare parts industry, utilizing tools such as brainstorming, process mapping, overall equipment effectiveness
(OEE) analysis, seven QC tools, value stream mapping, the Taguchi method, ANOVA, the 7S framework, root-cause
analysis, and the fishbone diagram. Similarly, Gomaa [40] developed an LSS approach to improve machining process
efficiency. The Taguchi method, a robust design optimization technique, enhances LSS by minimizing process
variability and improving quality. Chen et al. [41] combined DMAIC with the Taguchi method to optimize transistor
gasket manufacturing, resulting in improved process quality and lower sigma levels. Muraleedharan et al. [42] applied
Taguchi-based Six Sigma to galvanized iron processing, resulting in a significant increase in the material removal rate.
Duc et al. [43] employed an LSS-Taguchi approach to determine optimal conditions for oil immersion tanks in
molybdenum processing. The Taguchi method within LSS has been widely used across industries for process
optimization and quality enhancement. Notable research contributions include Chen and Brahma [44—54].

Table 3. Overview of Taguchi-Based Lean Six Sigma (LSS).

Aspect Description

A methodology integrating the Taguchi method with Lean Six Sigma (LSS) to optimize process
parameters, minimize variability, and improve product quality and efficiency.

- Reduce process variability and defects to enhance quality.

Key Objectives - Optimize manufacturing parameters for improved performance.

- Increase cost-effectiveness and operational efficiency.

- Lean Six Sigma (LSS): Merges Lean (waste elimination) and Six Sigma (variation control).

- Taguchi Method: Uses Design of Experiments (DOE) to identify optimal process conditions and
improve robustness.

- Spare Parts Industry: Developed an integrated LSS-DMAIC framework [39].

- Machining Processes: Improved efficiency and effectiveness [40].

Applications - Transistor Gaskets: Optimized manufacturing parameters [41].

- Galvanized Iron Processing: Enhanced material removal rate [42].

- Oil Immersion Tanks: Determined optimal process conditions [43].

- Enhanced product reliability through optimized design.

- Systematic defect reduction leading to higher quality.

- Improved manufacturing efficiency and cost savings.

- Robust and repeatable process performance using DOE.

Definition

Core
Methodologies

Key Benefits

2.4. A Comprehensive Review of the Value Engineering (VE) Approach

Value Engineering (VE) was developed in the United States in 1947 after World War II by General Electric and
was formally recognized in 1958. The establishment of the American Society of Value Engineers facilitated professional
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collaboration and knowledge exchange among practitioners in both the private and public sectors [55]. VE is a
structured methodology aimed at achieving the required functionality at the lowest cost without compromising quality,
reliability, service, or performance. By systematically evaluating functional requirements, VE ensures that essential
functions are delivered most cost-effectively. Primarily applied in the pre-construction phase, it maximizes benefits by
optimizing both function and cost. A core principle of VE is that fundamental functions must be preserved, ensuring
that value improvements do not undermine performance. Table 4 provides an overview of the key aspects of VE,
including its definition, objectives, benefits, and phases. The term “Value Management” is sometimes used
interchangeably with “Value Engineering”, as both focus on enhancing project planning and execution. However, VE
differs from traditional cost-cutting methods by emphasizing functional optimization rather than simply reducing
expenses [56,57]. It is a powerful tool for eliminating unnecessary costs arising from inefficiencies, limited information,
or constrained resources. Poor value in projects often results from design inefficiencies or stakeholder limitations, which
may stem from habitual practices, procedural obstacles, or organizational attitudes. VE systematically addresses these
inefficiencies by analyzing and optimizing key project elements such as cost, maintenance, durability, and aesthetics.
Importantly, improving project value through VE does not mean merely reducing costs but rather optimizing all
contributing factors to enhance overall efficiency and effectiveness. VE has been widely applied across various
industries as a structured approach to problem-solving, waste elimination, and function enhancement. Its
implementation follows a structured job plan, which serves as a systematic framework for evaluating products or
services and developing cost-effective alternatives. The success of a VE study largely depends on the effective
application of this plan. The VE process consists of six key phases: the information phase, which defines the project
scope and objectives; the function analysis phase, which identifies and categorizes essential functions; the creativity
phase, which generates innovative alternatives; the evaluation phase, which assesses and refines proposed solutions; the
development phase, which selects and optimizes the best alternative; and the presentation phase, which communicates
final recommendations. VE has been extensively studied and successfully applied across various industries,
demonstrating its effectiveness in improving project value, efficiency, and performance. Research has consistently
validated its benefits, as highlighted in studies by [58—68].

Table 4. Overview of Value Engineering (VE) Approach.

Aspect Details
Origin & Developed by General Electric in 1947, post-World War II, and formally recognized in 1958. The
& American Society of Value Engineers was later established to advance the methodology and facilitate
Development . .
professional collaboration [55].
Definition A structured, function-based methodology that maximizes value by achieving required functionality at

the lowest cost without compromising quality, reliability, service, or performance.
Value is defined as the ratio of function to cost. VE enhances value by either improving functionality
or reducing costs while maintaining essential performance standards.

Core Principle

Distinction from Unlike traditional cost-cutting methods, VE prioritizes functional optimization over mere cost

Cost Reduction reduction, ensuring efficiency improvements without sacrificing quality [56,57].

Causes of Poor Design inefficiencies, stakeholder constraints, limited information, habitual practices, procedural
Value barriers, and resistance to change.

VE Job Plan A systematic approach is used to analyze and evaluate products, services, or projects, identifying cost-

effective and functionally efficient alternatives.

1. Information Phase—Defines project scope, objectives, and constraints.
2. Function Analysis Phase—Identifies and categorizes essential functions.
3. Creativity Phase—Develops innovative solutions to enhance value.

VE Process Phases 4. Evaluation Phase—Assesses and refines alternatives based on feasibility and impact.
5. Development Phase—Selects and optimizes the best value-enhancing alternative.
6. Presentation Phase—Documents and communicates final recommendations for implementation [55,69].
Applications Applied across industrie.s such as cpnstruction, manufa.ctqring, supply chain management, and service
sectors to improve efficiency, eliminate waste, and optimize performance.
Key Benefits Enhances project efficiency, optimizes resource utilization, reduces unnecessary costs, and improves

overall quality and functionality.

2.5. A Comprehensive Review of the Kano Model

The Kano Model (KM), developed by Noriaki Kano in Japan in 1984, is a framework for assessing customer
satisfaction based on product or service attributes. It helps organizations understand customer expectations and prioritize
features that drive satisfaction. Widely applied across industries, KM is particularly valuable in new product



Intelligent and Sustainable Manufacturing 2025, 2, 10017 6 of 22

development and service design, guiding businesses in enhancing quality and meeting customer needs [70]. Table 5
summarizes the key aspects of KM. Also known as the “Customer Delight vs. Implementation Investment” strategy,
KM categorizes product and service attributes based on their impact on user satisfaction relative to implementation
effort. It classifies attributes into five categories: (1) Must-Be Quality—essential features that customers expect; their
absence causes dissatisfaction, but their presence is taken for granted. (2) Performance Quality—features that increase
satisfaction proportionally to their level of fulfillment. (3) Excitement Quality—unexpected features that delight
customers and create a competitive advantage. (4) Indifferent Quality—features that have little or no impact on
satisfaction. (5) Reverse Quality—features that cause dissatisfaction for some customers when included. The Kano
Model is often visualized through a Kano Diagram, helping businesses assess how different attributes influence overall
satisfaction. This structured approach supports data-driven decision-making for feature prioritization and quality
improvements. While originally designed for customer-product relationships, KM has also been applied to environmental
quality and sustainability assessments [71]. KM has been widely adopted across industries for evaluating customer
satisfaction and optimizing product and service offerings. Notable studies applying the Kano Model include [72—79].

Table 5. Summary of the Kano Model.

Aspect Description

Origin & . o . . . .
Developed in 1984 by Noriaki Kano in Japan to assess customer satisfaction based on product attributes.

Development

Purpose Helps organizations understand and prioritize product or service attributes to enhance customer

satisfaction and overall quality.

Alternative Name  “Customer Delight vs. Implementation Investment” strategy.

(1) Must-Be Quality—Basic features customers expect; their absence causes dissatisfaction.
(2) Performance Quality—Features that increase satisfaction proportionally when improved.

Key (3) Excitement Quality—Unexpected features that delight customers and create a competitive advantage.

Classifications (4) Indifferent Quality—Features with little to no impact on customer satisfaction.
(5) Reverse Quality—Features that may cause dissatisfaction when included, depending on customer
preferences.

Application Areas New produpt development, service design, customer experience enhancement, quality management, and
sustainability assessment.

Key Tool Kapo Di.agram—A visual representation of how different product or service attributes impact customer
satisfaction.

Recent Applied beyond product development to assess environmental quality, sustainability, and service

Applications innovation.

2.6. A Comprehensive Review of TRIZ

The Theory of Inventive Problem Solving (TRIZ) was developed by Genrich Altshuller in Russia in 1988. TRIZ,
derived from the Russian, is a structured methodology designed to drive innovation and systematically resolve complex
technical challenges. Altshuller’s extensive analysis of patent data led him to classify inventive solutions into five levels,
highlighting that true innovation arises from resolving contradictions rather than making compromises [80].

Table 6 presents an overview of the key components of TRIZ. The methodology provides a systematic framework
for problem-solving by incorporating 39 engineering parameters, a contradiction matrix, and 40 inventive principles.
These tools help engineers and designers eliminate trade-offs, address undesirable effects, and develop innovative
solutions, making TRIZ particularly valuable in engineering, product development, and process optimization [81,82].
TRIZ is widely applied in the conceptual design phase, supporting structured and efficient idea generation. The
effectiveness of TRIZ has been widely demonstrated across various industries, with researchers leveraging its principles
to tackle complex design and development challenges. Notable studies applying TRIZ include [83-93].

Table 6. Summary of the TRIZ (Theory of Inventive Problem Solving).

Aspect Details

Origin Developed by Genrich Altshuller, Russia, 1988.

Definition A systematic methodology for innovation and problem-solving by eliminating contradictions.
Core Principle Innovation is driven by resolving contradictions rather than making trade-offs.

Key Components 39 engineering parameters, a contradiction matrix, and 40 inventive principles.

Applications Engineering, product design, process optimization, and conceptual design.

Advantages Enhances creativity, eliminates design trade-offs, improves efficiency, and fosters systematic innovation.
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3. Research Gaps in Product Development Excellence

Effective quality management is crucial for achieving excellence in product development. However, several

research gaps remain, limiting the full potential of Strategic Quality Management (SQM) in driving innovation,
reliability, and efficiency. Table 7 categorizes research gaps in Strategic Quality Management (SQM) for product
development into six key areas, each addressing critical challenges and outlining potential future research directions.
Here’s a breakdown of each category:

Q)

)

3

“)

)

(6)

Integration and Adaptability of SQM Frameworks: The lack of unified Strategic Quality Management (SQM)
frameworks integrating Total Quality Management (TQM), Lean Six Sigma (LSS), and Design for Reliability (DfR)
limits their overall effectiveness. Traditional SQM methodologies also struggle to align with Agile and Lean
Product Development, making it difficult to maintain both structured quality assurance and the flexibility required
for rapid iterations. Future research should focus on developing hybrid SQM frameworks that seamlessly integrate
these methodologies while ensuring adaptability to evolving market demands.

Organizational and Cultural Barriers to SQM Implementation: Cross-functional collaboration challenges hinder
the effective application of SQM principles across departments. Additionally, embedding a quality-driven culture
is difficult due to insufficient leadership commitment, lack of employee engagement, and limited training in
advanced SQM tools. Rigid organizational structures further slow SQM adoption, reducing flexibility and
innovation. Research should explore leadership-driven strategies, alternative organizational structures, and targeted
workforce training programs to foster collaboration and instill a quality-centric mindset.

Regulatory Compliance, Risk Management, and Cost Constraints: Organizations face challenges in adapting SQM
frameworks to diverse global regulations and cultural differences, limiting seamless international implementation.
The absence of structured risk management within SQM methodologies also makes it difficult to predict and
mitigate quality-related risks effectively. High implementation costs for advanced SQM tools, combined with
external factors such as economic shifts and supply chain disruptions, further restrict adoption. Future research
should develop cost-efficient, region-specific SQM models that enhance resilience, regulatory compliance, and
sustainable business practices.

Customer-Centric Quality Management and Supplier Assurance: Rapidly evolving customer expectations
challenge organizations to align product development with quality management strategies. Additionally,
inconsistencies in supplier quality standards across global supply chains affect product reliability. Research should
focus on best practices for real-time, customer-driven quality improvement and effective supplier quality
monitoring to enhance consistency and standardization across international operations.

Leveraging Digital and Emerging Technologies in SQM: The application of emerging technologies such as digital
twins, artificial intelligence (Al), machine learning (ML), and blockchain in SQM remains underexplored. These
technologies offer the potential for predictive quality assurance, real-time defect detection, and process
optimization. Al-driven monitoring and predictive maintenance can significantly enhance proactive quality
management, yet their integration into SQM frameworks is limited. Future studies should focus on incorporating
digital transformation into quality management to improve defect prevention, real-time process control, and overall
product reliability.

Sustainability and Continuous Innovation in SQM: Current SQM frameworks lack sufficient integration of
sustainability principles, including eco-design, circular economy strategies, and the use of sustainable materials.
Additionally, organizations struggle to maintain continuous innovation while upholding stringent quality standards,
creating a gap in methodologies that balance both. Future research should explore how SQM can incorporate
sustainability-driven practices and innovation-friendly quality models, enabling businesses to achieve operational
efficiency, environmental responsibility, and long-term competitiveness.

Addressing these research gaps will enable organizations to refine SQM practices, integrate emerging technologies,

and foster continuous improvement in product development. By advancing these areas, businesses can achieve optimal
performance, reliability, and innovation while maintaining a competitive edge in an evolving market.
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Table 7. Research Gaps in Product Development Excellence.

Category Research Gap Challenges Future Research Directions
. . Develop adaptable frameworks
Unified SQM Models Lack of integration between TQM, combining traditional and digital

1. SQM Frameworks &
Integration

Lean Six Sigma, and digital tools.

SQM.

Agile SQM Integration

SQM lacks flexibility for Agile and
Lean practices.

Explore hybrid models that
incorporate Agile principles.

Balancing Efficiency &
Innovation

Trade-offs between process
optimization and innovation.

Develop frameworks
harmonizing quality, efficiency,
and innovation.

2. Organizational
Culture & Leadership

Cross-Functional
Collaboration

Limited coordination across
departments in SQM
implementation.

Define best practices for
improving synergy in quality
management.

Quality-Driven Culture

Embedding quality principles
across diverse teams is a
challenging task.

Identify leadership strategies to
foster a quality-first mindset.

Leadership & Employee Insufficient leadership commitment  Assess leadership strategies for
Engagement and workforce motivation. sustainable SQM adoption.
SQM Training & Lack of structured training on \]:Z;:;Lufa(l)tri;h;el\il;iaoacrtnc;fl:argeted
Adoption advanced SQM tools. p

programs.

Organizational Structure
& SQM

Rigid hierarchies hinder SQM
adaptability.

Investigate structural models that
enhance SQM effectiveness.

3. Compliance &
Global Adaptation

Global SQM Regulatory and cultural variations ~ Develop flexible SQM models
Implementation impede standardization. adaptable to different regions.

. s Design predictive risk
SQM Risk Management Inadequate risk assessment within management models leveraging

SQM frameworks.

Al and analytics.

Cost-Efficiency of SQM

High investment costs for SQM
adoption.

Identify cost-effective
implementation strategies.

External Disruptions in
SQM

Economic and supply chain risks
impact quality management.

Develop resilient SQM
frameworks for uncertainty
mitigation.

4. Customer & Supply
Chain Management

Supplier & Outsourcing
Quality

Variability in supplier standards
across global networks.

Establish standardized supplier
quality assurance practices.

Customer-Centric SQM

Challenges in aligning quality
management with evolving
customer demands.

Strengthen SQM with real-time
Voice of the Customer (VOC)
insights.

5. Digital & Emerging
Technologies

Digital Twin for SQM

Limited adoption in predictive
quality assurance.

Investigate digital twin
applications in quality
optimization.

Al & Data-Driven SQM

Underutilization of AI, ML, and
blockchain in SQM.

Explore Al-driven quality
assurance and process
automation.

Real-Time Monitoring &
Predictive Maintenance

Insufficient use of real-time
analytics for proactive quality
control.

Develop Al-based monitoring
and predictive maintenance
solutions.

6. Sustainability &
Continuous Innovation

Sustainable SQM
Practices

Limited integration of
sustainability with quality
management.

Research circular economy and
eco-design principles for SQM.

Continuous Innovation in
SQM

Difficulty maintaining long-term
innovation without compromising
quality.

Develop quality-driven
innovation strategies for
sustained growth.

4. Research Methodology for Product Development Excellence

A robust research methodology is vital for achieving product development excellence by ensuring compliance,
market alignment, operational efficiency, and sustained innovation. This study integrates established quality management
frameworks, core principles, and analytical tools to enhance product quality, reliability, and process effectiveness.



Intelligent and Sustainable Manufacturing 2025, 2, 10017 9 of 22

(1) Application of Key Quality Management Tools: Investigating the use of fundamental tools—Quality Function
Deployment (QFD), Failure Mode and Effects Analysis (FMEA), and Statistical Process Control (SPC)—to
improve process robustness and product reliability throughout development.

(2) Core Principles Guiding Product Development: Exploring essential principles such as customer focus, innovation,
cross-functional collaboration, continuous improvement, and risk-based thinking as foundations for product
development excellence.

(3) Voice of the Customer (VoC) Analysis: Capturing and translating customer needs and expectations into actionable
design and process requirements to drive superior product outcomes.

(4) Critical-to-Quality (CTQ) Identification: Prioritizing key quality attributes critical to customer satisfaction and
product performance, aligned with business and technical objectives.

(5) DMAIC Framework for Quality Enhancement: Employing the Define—Measure—Analyze—Improve—Control
(DMAIC) methodology as a structured, data-driven approach to systematically elevate quality and innovation
across the product development lifecycle.

(6) Key Performance Indicators (KPIs) Definition: Establishing and monitoring KPIs to assess process efficiency,
product quality, customer satisfaction, time-to-market, and alignment with strategic goals.

(7) Integration of Agile Practices: Incorporating Agile methodologies—iterative development, adaptive planning, and
rapid feedback loops—to increase flexibility, speed, and customer responsiveness.

(8) Identification of Critical Failure Factors: Analyzing organizational, technical, cultural, and managerial obstacles
that may hinder product development excellence and recommending mitigation strategies.

In conclusion, this research methodology provides a comprehensive and integrated framework to achieve product
development excellence. Through the strategic application of quality management tools, customer-focused principles,
agile practices, and performance metrics, organizations can consistently deliver innovative, reliable products. By
proactively identifying and mitigating potential failure factors, this approach supports continuous improvement,
operational resilience, and sustained competitive advantage in dynamic markets.

4.1. Key Quality Management Tools for Product Development Excellence

Achieving excellence in product development requires a structured quality management approach that ensures
products meet customer expectations while maintaining efficiency, reliability, and cost-effectiveness. By leveraging
proven quality management tools, organizations can minimize defects, optimize processes, and enhance overall
performance. Table 8 categorizes 20 essential quality management tools into six key areas, outlining their purpose and
benefits in product development.

(1) Customer-Centric Design and Requirements: Understanding and integrating customer needs into product
development is critical for quality management. Voice of the Customer (VoC) gathers user insights to align products
with market demands, while Critical to Quality (CTQ) defines key product attributes that influence satisfaction.
Quality Function Deployment (QFD) translates customer needs into technical specifications, with the House of
Quality (HoQ) ensuring strong alignment between expectations and design. These tools enhance customer
satisfaction, reduce redesign efforts, and improve market success.

(2) Risk Management and Reliability Engineering: Ensuring product reliability and mitigating risks are essential for
long-term quality and customer trust. Failure Mode and Effects Analysis (FMEA) proactively identifies potential
failures and their impact, enabling early risk mitigation. Design for Reliability (DfR) ensures product durability,
reducing failures over time. Fault Tree Analysis (FTA) pinpoints failure pathways for improved system safety,
while Root Cause Analysis (RCA) identifies the underlying causes of defects to prevent recurrence. These tools
enhance reliability, minimize defects, and ensure consistent product performance.

(3) Process Optimization and Robust Design: Optimizing development processes improves efficiency and reduces
defects. Design for Six Sigma (DFSS) integrates Six Sigma principles early in development to ensure defect-free
products. Design of Experiments (DOE) facilitates controlled testing for performance optimization, while the
Taguchi Method strengthens robustness against variations in manufacturing and usage. Statistical Process Control
(SPC) continuously monitors production to detect variations and maintain stability. These tools streamline
operations, accelerate time-to-market, and enhance manufacturing precision.

(4) Costand Competitive Analysis: Balancing cost efficiency with quality is vital for sustainable product development.
Cost of Quality (CoQ) Analysis assesses the financial impact of quality-related activities, helping organizations
optimize resources and implement cost-effective defect prevention strategies. Benchmarking allows companies to
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compare their performance with industry leaders, identify best practices, and enhance competitiveness. These tools
support strategic decision-making, reduce waste, and drive cost-efficient quality improvements.

Continuous Improvement and Lean Practices: A culture of continuous improvement fosters innovation and
operational excellence. The Ishikawa (Fishbone) Diagram systematically identifies the root causes of quality issues
for more effective problem-solving. Kaizen promotes incremental improvements to enhance efficiency at every stage
of the development process. Poka-Yoke (Error Proofing) integrates fail-safe mechanisms to prevent defects, while
Jidoka (Autonomation) combines automation with real-time quality control for instant defect detection and correction.
These tools eliminate inefficiencies, enhance responsiveness, and sustain long-term quality improvements.

Lean Six Sigma and Structured Problem-Solving: Integrating Lean and Six Sigma methodologies enables
organizations to optimize processes and reduce defects using a structured, data-driven approach. Lean Six Sigma
(LSS) combines Lean principles for waste reduction with Six Sigma techniques to enhance process stability and
quality. The DMAIC (Define, Measure, Analyze, Improve, Control) framework improves existing processes, while
DMADYV (Define, Measure, Analyze, Design, Verify) ensures quality is embedded from the start in new product
development. These structured approaches drive continuous innovation, maintain consistency, and achieve
excellence in product development.

In conclusion, the strategic application of quality management tools enhances customer satisfaction, product

reliability, cost optimization, and continuous innovation. A well-structured quality framework helps organizations
remain agile, competitive, and aligned with evolving market demands. By integrating these methodologies, businesses
can proactively mitigate risks, optimize processes, and drive sustained excellence, ensuring long-term success and

superior customer value.

Table 8. Key Quality Management Tools for Product Development Excellence.

Category #

Tool

Purpose

Key Benefits

1

Voice of the Customer
(VoO)

Captures and prioritizes
customer needs

Improves market alignment and
user satisfaction

Defines essential product

Ensures focus on key quality

(1) Customer-Centric 2 Critical to Quality (CTQ) attributes drivers
Design & Requirements 3 Quality Function Converts customer needs Reduces redesigns and enhances
Deployment (QFD) into design specifications product-market fit
. Links customer expectations  Strengthens cross-functional
4 House of Quality (HoQ) to design elements collalt%oration
5 Failure Mode and Effects Identifies and mitigates Enhances reliability and defect
Analysis (FMEA) potential failure risks prevention
6 Design for Reliability Ensures durability and long-  Reduces failures and builds
(2) Risk Management & (DfR) term performance customer trust
Reliability Engineering 7 Fault Tree Analysis Evaluates failure pathways Improves risk prediction and
(FTA) and system vulnerabilities safety assurance
3 Root Cause Analysis Identifies underlying causes  Prevents recurrence and
(RCA) of defects strengthens process improvement
9 Design for Six Sigma Embeds Six Sigma Minimizes variability and
(DFSS) principles in early design ensures defect-free launches
10 Design of Experiments Optimizes design through Reduces development time and
(3) Process Optimization (DOE) controlled testing cost
& Robust Design 11 Taguchi Method Enhances ro'bu.stness against Improves consigtenpy and
external variations performance reliability
12 Statistical Process Monitors and controls Ensures stability, reduces
Control (SPC) process variations defects, and improves quality
13 Cost of Quality (CoQ) Evaluates quality-related Optimizes resource allocation
(4) Cost & Competitive Analysis costs and cpst efﬁmency
Analysis ' Corvnpar’es performance Identlﬁes' 1mprovement
14 Benchmarking against industry best opportunities and enhances
practices competitiveness
15 Ishikawa (Fishbone) Analyzes root causes of Strengthens problem-solving and
. Diagram quality issues defect prevention
(5) Continuous - - — I Boosts officiency. innovation
Improvement & Lean 16 Kaizen (Continuous Drlves incrementa oosts efficiency, innovation,
Practices Improvement) improvements and process excellence
17 Poka-Yoke (Error Prevents defects through Reduces human errors and

Proofing)

design mechanisms

enhances reliability
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18 Jidoka (Autonomation) Integrates automation with Enables real-time defect

built-in quality control detection and corrective action
19 Lean Six Sigma (LSS) Cpmblnes Lean and Sl).i Enhances efﬁglency, quality, and
Sigma for waste reduction process effectiveness
(6) Lean Six Sigma & Structured Six Sigma Reduces defects and optimizes
20 DMAIC approach for process . .
Structured Problem- . operational efficiency
Solving improvement
Six Sigma framework for Ensures high-quality, defect-free
21 DMADV new product and process gh-quanty.
design product development

4.2. Core Principles of Quality Management for Product Development Excellence

Strategic Quality Management (SQM) in product development ensures that organizations consistently deliver high-

quality, reliable, and competitive products. By integrating structured methodologies, risk mitigation strategies, and
emerging technologies, businesses can achieve excellence in product quality, efficiency, and innovation. Table 9 outlines
a comprehensive SQM framework.

(M

)

3)

“4)

)

(6)

(7

®)

The Customer-Driven Quality category emphasizes aligning product quality with customer expectations to enhance
satisfaction and market success. This is achieved through methodologies like Voice of the Customer (VoC), Quality
Function Deployment (QFD), and Critical to Quality (CTQ), ensuring that customer requirements are translated
into measurable product attributes. By prioritizing the customer experience, organizations can reduce redesign
efforts and improve market alignment.

Process and Risk Optimization focuses on minimizing defects and ensuring product reliability. Process
Optimization & Defect Prevention applies Lean, Six Sigma, and Total Quality Management (TQM) to streamline
workflows and eliminate inefficiencies. Proactive Risk & Reliability Management ensures product durability and
safety by identifying and mitigating potential failure points through Failure Mode and Effects Analysis (FMEA),
Fault Tree Analysis (FTA), and predictive failure analysis. These approaches help organizations enhance
consistency, reduce costs, and maintain high-quality standards.

A Culture of Continuous Improvement & Innovation is critical for maintaining long-term product excellence. The
Continuous Improvement & Innovation principle encourages ongoing process refinements using Kaizen, DMAIC
(Define-Measure-Analyze-Improve-Control), and Design of Experiments (DOE). Additionally, Data-Driven
Quality Management leverages advanced analytics, Artificial Intelligence (Al), Big Data, and Statistical Process
Control (SPC) to enable real-time monitoring, fault detection, and data-informed decision-making.

The Agility and Market Responsiveness category ensures that businesses can quickly adapt to market changes
while maintaining rigorous quality standards. Agile & Adaptive Quality Strategies incorporate Lean Startup, rapid
prototyping, and scalable quality systems, allowing for flexibility and responsiveness in dynamic environments.
This approach accelerates product development cycles while maintaining quality excellence.

Sustainability and Ethical Quality Practices integrate environmental and ethical considerations into quality
management. By adopting eco-design, circular economy models, and green manufacturing, companies can
minimize waste, optimize resource use, and ensure regulatory compliance. Ethical quality practices also enhance
brand reputation and contribute to long-term business sustainability.

Leadership and Collaboration play a pivotal role in driving quality excellence. Cross-functional collaboration &
Leadership Commitment fosters teamwork across departments and engages leadership in quality-driven initiatives.
Interdisciplinary teams, employee training, and a strong quality-driven culture ensure that SQM principles are
effectively implemented across all business functions.

Ensuring supplier quality is equally important. Supplier Quality & Global Supply Chain Assurance focuses on
maintaining consistency across supply chains through Supplier Quality Management (SQM), compliance
monitoring, and supplier audits. Strong supplier relationships and stringent quality controls help minimize
variability and uphold product integrity.

Finally, Smart Manufacturing & Industry 4.0 Integration leverages emerging technologies to enhance precision
and efficiency in quality management. The integration of loT-enabled quality monitoring, blockchain for
traceability, and Al-driven automated inspections ensures real-time process optimization, reduces defects and
improves overall manufacturing quality. These advancements position organizations for competitive advantage in
the era of digital transformation.
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In conclusion, these core SQM principles provide a comprehensive framework for achieving product reliability,
operational efficiency, risk minimization, and continuous innovation. By adopting a strategic approach to quality
management, businesses can remain agile, competitive, and well-positioned for long-term success in an evolving market.

Table 9. Core Principles of Strategic Quality Management (SQM) for Product Development.

Category

#  Core Principle

Description

Key Focus Areas

(1) Customer-Driven
Quality

Customer-Centric Quality

1 Excellence

Aligning product quality with
customer needs for market
success.

VoC, QFD, CTQ, CX Optimization

Process Optimization &

Ensuring efficient, defect-free

Lean, Six Sigma, TQM,

(2) Process & Risk 2 Defect Prevention processes to enhance quality. Standardization

Optimization 3 Proactive Risk & Identifying and mitigating risks to ~ FMEA, FTA, Risk-Based Thinking,
Reliability Management improve reliability. Predictive Analysis

(3) Continuous 4 Continuous Improvement ~ Driving systematic enhancements Kaizen, DMAIC, DOE, Robust

Im rovem:nil & & Innovation and innovation in quality. Design

Inn%vation 5 Data-Driven Quality Leveraging Al and analytics for Al, Big Data, SPC, Predictive Quality
Management real-time quality control. Models

(4) Agility & Market Agile & Adaptive Quality [mplementing flexible quqhty Agile QM, Lean Startup, Rapid

. 6 . approaches for fast-changing .
Responsiveness Strategies Prototyping, Scalable Systems
markets.
(5) Sustainability & Sustainable & Ethical Integrating sustainability and Eco-Design, ClI‘CLl'l ar Economy,
. 7 . . o . Green Manufacturing, CSR,
Ethics Quality Practices ethics into quality management.

Compliance

Cross-Functional

Enhancing teamwork and

©) Leaderghlp & 8  Collaboration & leadership commitment to quality Inte'rd'lsc1p hnary Te‘?ms’ Leadership,

Collaboration . Training, Quality Mindset
Leadership culture.

(7) Supplier & Supply 9 Supplier Quality & Global  Strengthening supplier quality and ~ SQM, Audits, Compliance, Supplier

Chain Excellence Supply Assurance global supply chain consistency. Performance Metrics

(8) Smart Manufacturing 10 Smart Manufacturing & Using digital technologies to 10T, Blockchain, AI-Driven

& Industry 4.0 Industry 4.0 optimize quality and efficiency. Inspections, Smart Manufacturing

4.3. Voice of Customer (VOC) Analysis in Product Development Excellence

Voice of Customer (VOC) analysis is a structured approach to capturing and utilizing customer insights to drive
product development. It ensures products align with market needs, enhance user satisfaction, and maintain a competitive
edge. Table 10 outlines the key aspects of VOC analysis:

(1) Core Components: VOC involves systematically collecting, analyzing, and integrating customer feedback
throughout the product lifecycle. A continuous feedback loop enhances product relevance, minimizes redesign
efforts, and improves market fit.

Data Collection Methods: Various techniques—such as surveys, interviews, focus groups, social media listening,
Net Promoter Score (NPS), and market research—help capture customer needs, preferences, and pain points,
providing actionable insights for product refinement.

Integration in Product Development: Embedding VOC insights across all development stages—from concept
ideation and prototyping to testing, production, and post-launch refinement—reduces risks, enhances usability, and
boosts product adoption rates.

Strategic Impact: VOC-driven development fosters innovation, accelerates time-to-market, minimizes defects, and
strengthens brand loyalty. By continuously aligning products with customer expectations, businesses improve
market positioning and ensure long-term growth.

2

3)

“4)

Implementing a robust VOC strategy enables organizations to create high-quality, customer-centric products,
ensuring sustained success in competitive markets.

Table 10. Voice of Customer (VOC) Analysis in Product Development.

Benefits
Enhances product relevance
and market success.

# Category Key Elements
Insight Collection, Data

Analysis, Feedback Loop

Description
Capturing and utilizing customer
feedback systematically.

1 Core Components

) Data Collection Surveys, Interviews, Focus Gathering customer expectations,  Provides insights for product
Methods Groups, Social Media, NPS pain points, and preferences. innovation.
Integration in Ideapon, Prototyp e, Embedding customer insights Reduc'es risks, acce lérates

3 Testing, Production, adoption, and minimizes

Development throughout the product lifecycle.

Refinement redesigns.
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Innovation, Faster Time-to- Using VOC for customer-driven Boosts brand loyalty and

4 Strategic Impact Market, Competitive Edge product excellence. market positioning.

4.4. Critical to Quality (CTQ) Analysis in Product Development Excellence

CTQ analysis ensures product quality aligns with customer expectations by identifying and integrating key
attributes throughout development. As outlined in Table 11, this structured approach enhances consistency, reduces
defects, and improves customer satisfaction.

(1) Customer Needs Identification captures the Voice of Customer (VOC) through surveys, focus groups, and market
research. This ensures product design reflects real customer expectations, minimizing misalignment and costly redesigns.

(2) CTQ Attribute Definition translates customer insights into measurable quality factors using CTQ trees. Prioritizing
critical attributes helps organizations focus on factors that directly impact performance and user satisfaction.

(3) Quality Metrics Development establishes clear performance benchmarks, such as defect rates, durability, and
usability. These Key Performance Indicators (KPIs) provide objective criteria for assessing and maintaining
product quality.

(4) Process Integration embeds CTQ factors into design, manufacturing, and testing, ensuring a proactive approach to
quality. This minimizes defects, enhances reliability, and streamlines production.

(5) Continuous Monitoring and Improvement tracks CTQ performance, analyzes trends, and drives corrective actions.
This ongoing evaluation sustains product excellence, optimizes efficiency, and reinforces customer trust.

In conclusion, by systematically defining and integrating CTQ attributes, organizations can improve efficiency,
reduce risks, and maintain a competitive edge while delivering high-quality, customer-focused products.

Table 11. Critical to Quality (CTQ) Analysis in Product Development Excellence.

# CTQ Component Objective Key Activities Benefits
Customer Needs Capture customer Aligns product design with

1 . . ) Surveys, focus groups, market research
Identification expectations needs

) CTQ Attribute Define key quality Translate VOC into measurable Focuses on critical product
Definition factors attributes aspects

3 Quality Metrics Set performance Establish KPIs (defects, durability, Provides clear quality
Development standards usability) benchmarks

4 Process Integration Embed CTQ in Apply CTQ to design, manufacturing, Ensures consistency,

workflows testing reduces defects

5 Continuous Sustain and optimize Monitor trends, refine processes, and Drives long-term

Improvement quality corrective actions excellence

4.5. DMAIC Framework for Product Development Excellence

The DMAIC (Define, Measure, Analyze, Improve, Control) framework is a structured, data-driven approach that
enhances product quality, minimizes defects, and optimizes processes within Strategic Quality Management (SQM).
As outlined in Table 12, DMAIC ensures alignment with customer expectations and business objectives while fostering
continuous improvement and innovation. Each phase plays a critical role in delivering high-quality, reliable, and cost-
effective products that meet industry standards and regulatory requirements.

(1) Define—Setting Quality Objectives and Customer Expectations: The Define phase establishes a strong foundation
by identifying customer needs, business goals, and key product attributes. Tools such as Voice of the Customer
(VoC) capture market insights while Critical to Quality (CTQ) metrics ensure alignment with essential design and
performance requirements. Quality Function Deployment (QFD) translates customer expectations into engineering
specifications, fostering collaboration and minimizing costly redesigns.

(2) Measure—Evaluating Performance and Identifying Variability: This phase focuses on establishing performance
baselines, detecting inefficiencies, and quantifying process variations. Techniques such as Failure Mode and
Effects Analysis (FMEA) assess risks, while Statistical Process Control (SPC) ensures process stability. Cost of
Quality (CoQ) analysis helps balance investment in quality improvements with cost efficiency. By leveraging data-
driven insights, organizations can identify deviations early and establish benchmarks for continuous enhancement.

(3) Analyze—Diagnosing Root Causes of Defects and Inefficiencies: The Analyze phase identifies the root causes of
defects and process inefficiencies using structured problem-solving tools. Methods such as Root Cause Analysis
(RCA), Ishikawa (Fishbone) Diagrams, and Fault Tree Analysis (FTA) trace failure pathways, while statistical
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techniques like Regression Analysis and Hypothesis Testing validate findings. By addressing these underlying
issues, organizations can implement targeted improvements that enhance reliability and mitigate risks.

(4) Improve—Enhancing Product Quality and Process Efficiency: The improvement phase focuses on optimizing
product performance and minimizing defects. Lean Six Sigma (LSS) principles eliminate waste, while Design of
Experiments (DOE) determines optimal design configurations through controlled testing. Poka-Yoke (Error
Proofing) prevents defects at the source, and Design for Reliability (DfR) enhances product durability. These
strategies accelerate time-to-market, reduce production costs, and ensure consistent product quality.

(5) Control—Sustaining Quality Excellence and Driving Continuous Improvement: The Control phase ensures that
process improvements are sustained and quality standards remain consistently high. Predictive Maintenance and
Digital Twin Technology enable real-time tracking, while SPC ensures long-term process stability. Organizations
cultivate a Kaizen (Continuous Improvement) culture, driving sustained enhancements and reinforcing a proactive
quality management approach. Standardized control plans safeguard improvements and prevent recurring defects.

By integrating DMAIC within SQM, organizations can systematically enhance product development outcomes,
reduce defects, improve efficiency, and foster innovation. This structured, data-driven methodology strengthens market
positioning, drives sustainable success, and ensures the consistent delivery of high-quality, customer-centric products.

Table 12. DMAIC Framework for Strategic Product Development Excellence.

Phase Objective Key Activities Benefits
Set clear quality goals - Capture Voice of the Customer (VoC) - Aligns development with customer
Define based on 2us tor}r]legr - Identify Critical to Quality (CTQ) attributes needs
- Use Quality Function Deployment (QFD) - Minimizes redesign efforts
needs. .
- Develop a project charter - Enhances market fit
Assess performance and El:cl\(/}rli:%a Failure Mode and Effects Analysis - Detects inefficiencies early
Measure  identify improvement . - Enables data-driven decisions
arcas - Apply Statistical Process Control (SPC) _Improves process control
) - Perform Cost of Quality (CoQ) analysis p p
- Perform Root Cause Analysis (RCA) and
Identify root causes of Fishbone Diagrams - Prevents recurring defects
Analyze  defects and - Use Fault Tree Analysis (FTA) - Strengthens risk management
inefficiencies. - Apply Regression Analysis & Hypothesis - Improves process stability
Testing
- Implement Lean Six Sigma (LSS)
Optimize product - Use Design of Experiments (DOE) - Reduces defects and costs
Improve  quality and process - Apply Poka-Yoke (Error Proofing) - Speeds up time-to-market
efficiency. - Strengthen reliability with Design for - Enhances product performance
Reliability (DfR)
o - Use Predictive Maintenance & Digital Twin - Maintains consistent quality
Sustain improvements
Technology - Prevents defect recurrence
Control  and ensure long-term

quality.

- Apply Statistical Process Control (SPC)
- Foster a Kaizen culture

- Enhances adaptability and
competitiveness

4.6. KPIs for Product Development Excellence

To achieve excellence in product development, organizations must establish well-defined and measurable Key

Performance Indicators (KPIs) within Strategic Quality Management (SQM). Table 13 outlines the Main Key Performance
Indicators (KPIs) for Strategic Quality Management (SQM) in product development, which is essential for ensuring
product quality, process efficiency, continuous improvement, customer satisfaction, and digital transformation.

Q)

Product Quality & Reliability: These KPIs are focused on minimizing defects and ensuring the overall reliability
of the product. Defect Density measures the number of defects per unit or batch, helping identify quality
weaknesses early and improve product reliability. First-Pass Yield (FPY) assesses the efficiency of the production
process by tracking the percentage of products that pass quality checks without rework. It ensures cost-effective
production by minimizing rework costs and improving throughput. Warranty Claim Rate tracks the percentage of
products returned under warranty due to defects, which helps identify areas for improvement and reduce after-sales
costs. Mean Time Between Failures (MTBF) measures the average time before a product fails, which reflects its
durability and helps in building customer trust.
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Process Efficiency and Cost: This category focuses on optimizing production efficiency while reducing costs. Cost
of Poor Quality (CoPQ) represents the financial impact of defects, rework, and warranty claims, helping optimize
resource allocation and reduce waste. Cycle Time measures the time taken from product concept to market launch,
directly impacting competitiveness and time-to-market. Rework Percentage indicates the proportion of products
requiring rework, which helps minimize inefficiencies, reduce waste, and lower production costs.

Continuous Improvement and Innovation: Continuous improvement is essential for long-term product quality. The
Defect Reduction Rate tracks the year-over-year reduction in defects, demonstrating an ongoing commitment to
quality enhancement. Corrective Action Closure Rate measures how quickly quality issues are addressed, ensuring
timely resolutions. Process Capability Index (Cpk) assesses the consistency and stability of production processes,
ensuring product reliability and reducing variations.

Customer Satisfaction and Market Performance: Customer-centric KPIs assess how well products meet customer
expectations. Net Promoter Score (NPS) measures customer loyalty and the likelihood of recommending the
product, contributing to improved brand reputation. Customer Satisfaction Score (CSAT) gauges customer
satisfaction, offering insights into product performance. Customer Retention Rate tracks the percentage of repeat
customers, indicating long-term customer loyalty and overall product success in the market.

Digitalization & Smart Quality Management: As digital technologies are increasingly integrated into product
development, these KPIs measure the effectiveness of advanced tools. Predictive Maintenance Accuracy uses
predictive analytics to prevent equipment failures, thereby reducing downtime and improving asset reliability. Al-
Driven Quality Control enhances defect detection through artificial intelligence, improving inspection accuracy
and efficiency, ultimately optimizing quality management processes.

These KPIs provide a comprehensive framework for evaluating product development, emphasizing quality, process

efficiency, continuous improvement, customer satisfaction, and digital innovation. Each category is designed to drive
superior product outcomes, reduce costs, and ensure long-term customer satisfaction.

Table 13. Main KPIs for Product Development Excellence.

Category # KPI Objective Benefits
1 Defect Density Minimize defects Enhances ?ehablhty and reduces
product failures
. . Improve production Reduces rework costs, improves
(1) Product Quality & 2 First-Pass Yield (FPY) efficiency throughput
Reliability 3 Warranty Claim Rate Reduce post-sales Identifies weaknesses, lowers
ty quality issues warranty costs
Mean Time Between . Improves durability, strengthens
4 Failures (MTBF) Increase product lifespan customer trust
5 Cost of Poor Quality Reduce the financial Optimizes resource allocation
(CoPQ) impact of defects and cost efficiency
(2) Process Efficiency & Cost 6 Cycle Time Accelerate product Reduces tlme-to-r.n.arket,
development improves competitiveness
7  Rework Percentage Minimize inefficiencies VLVZ\;:rS production costs and
8 Defect Reduction Rate Improve quality over Demonstrates ongoing quality
time improvement
(3) Continuous Improvement 9 Corrective Action Strengthen issue Ensures timely resolution of
& Innovation Closure Rate resolution quality issues
Process Capability Index . Enhances consistency and
10 (Cpk) Ensure process stability production reliability
1 Net Promoter Score Measure customer Boosts brand reputation and
(NPS) loyalty customer retention
ustomer Satisfaction ustomer Satisfaction easure customer rovides insight into product
4)C Satisfaction & 12C Satisfacti M Provides insight into prod
Market Performance Score (CSAT) experience satisfaction
13 Customer Retention Increase repeat Indicates brand loyalty and
Rate customers long-term satisfaction
14 Predictive Maintenance  Prevent failures Reduces downtime, improves
(5) Digitalization & Smart Accuracy proactively asset reliability
lity M Y - ) - - :
Quality Management 15 Al-Driven Quality Enhance defect detection Increases inspection efficiency
Control and accuracy
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4.7. Integrating Agile Methodologies into Product Development Excellence

Agile methodologies have transformed product development by promoting flexibility, collaboration, and customer-

centric innovation. By adopting Agile principles, organizations can accelerate development cycles, enhance product
quality, and quickly adapt to market changes. Table 14 outlines the key aspects of Agile integration in product
development, detailing the categories, practices, and benefits. Here is a concise breakdown:

M

2

A3)

“4)

®)

(6)

(7

Agile Frameworks: Agile frameworks like Scrum, Kanban, SAFe, and Lean Startup enable iterative development,
quick feedback, and rapid decision-making. These frameworks ensure faster time-to-market and better alignment
with customer needs by promoting flexibility in the development process.

Agile Mindset & Culture: Agile is not just a process but a cultural shift. It emphasizes self-organizing teams, cross-
functional collaboration, adaptive leadership, and continuous learning. Organizations that adopt this mindset foster
innovation, transparency, and quick adaptation to change, improving efficiency and responsiveness.

Agile & Digital Transformation: Integrating Agile with digital technologies such as Al 10T, Digital Twins, DevOps,
and cloud development enhances automation, real-time decision-making, and predictive analytics. This synergy
optimizes resources, boosts product quality, and streamlines the development lifecycle.

Agile in Hardware and Software Development: While Agile is widely used in software, it’s increasingly applied in
hardware development. Hybrid Agile models, modular design, and concurrent engineering enable hardware teams
to iterate quickly while ensuring compliance and maintaining quality standards.

Agile Metrics and Performance Measurement: Agile metrics like Sprint Velocity, Cycle Time, Defect Density, and
Customer Satisfaction Scores (NPS, CSAT) help monitor progress and identify areas for improvement. These data-
driven insights allow teams to refine processes and enhance efficiency, quality, and user satisfaction.

Challenges and Solutions in Agile Adoption: Challenges such as resistance to change, regulatory constraints, and
team dependencies can hinder Agile adoption. These challenges can be overcome with Agile training, hybrid
models, and scalable frameworks that strike a balance between flexibility and compliance, ensuring both quality
and adaptability.

Future Trends in Agile Product Development: The future of Agile product development includes advancements
such as Al-driven automation, blockchain for enhanced transparency, and human-centric practices. These trends
will further improve decision-making, streamline workflows, and increase productivity, ensuring long-term success
in an evolving market.

In summary, integrating Agile methodologies into product development drives efficiency, innovation, and a

customer-focused approach. By aligning Agile principles with digital transformation, organizations can accelerate
innovation, optimize processes, and maintain a competitive edge in a fast-paced market.

Table 14. Integrating Agile Methodologies with Product Development Excellence.

Category Key Aspects Benefits

Shortens development cycles, boosts flexibility,

Agile Frameworks and aligns closely with customer needs.

Scrum, Kanban, SAFe, Lean Startup

) Agile Mindset & Self-organizing teams, adaptive leadership, Promotes innovation, transparency, and fast
Culture collaboration, continuous learning adaptation to market changes.

3 Agile & Digital Al IoT, Digital Twins, DevOps, Cloud- Enhances real-time analytics, predictive insights,
Transformation based development and process automation.

4 Agile for Hardware &  Hybrid Agile, modular design, concurrent Integrates Agile for hardware development,
Software engineering ensuring compliance and faster iterations.

5 Agile Metrics & Sprint velocity, cycle time, defect density, Provides actionable insights to drive quality,
Performance NPS, CSAT speed, and customer satisfaction.

6 Challenges & Resistance to change, regulatory constraints, Overcomes challenges with training, hybrid
Solutions cross-functional dependencies approaches, and scalable frameworks.

7 Future Trends in Agile

Al automation, blockchain, human-centered
Agile

Improves decision-making, data security, and
productivity in Agile development.

4.8. Critical Failure Factors in Achieving Product Development Excellence

Critical Failure Factors (CFFs) are the primary challenges that prevent organizations from creating high-quality,
innovative products that meet customer expectations and comply with regulatory standards. These challenges can arise
at various stages of the product development process, leading to inefficiencies, increased costs, and reduced



Intelligent and Sustainable Manufacturing 2025, 2, 10017 17 of 22

competitiveness. Identifying and addressing these CFFs is essential for organizations striving for excellence in product
development. Table 15 outlines these critical failure factors and suggests solutions for overcoming them, categorized
into eight strategic areas that are crucial for achieving product development excellence.

Q)

2

3)

“)

)

(6)

(7

®)

Leadership and Culture: Strong leadership and a clear organizational culture are pivotal to successful product
development. Without a well-defined vision and clear goals, teams may lose alignment and direction. To address
this, companies should set measurable goals and engage leadership actively. By fostering a culture of continuous
improvement and promoting employee engagement, organizations can reduce inefficiencies and boost morale,
ensuring a quality-driven culture.

Innovation and R&D: Sustaining innovation through investment in R&D is vital for maintaining competitiveness.
A lack of focus or insufficient investment in R&D can lead to stagnation and a loss of market relevance.
Organizations should prioritize R&D funding, encouraging a culture of creativity and innovation to drive product
advancement and retain a competitive edge.

Customer and Market Orientation: Aligning product development with customer needs is fundamental for success.
Misunderstanding customer requirements can result in market misalignment and customer dissatisfaction. Methods
like Voice of the Customer (VOC) and Critical to Quality (CTQ) can help organizations align their designs with
customer expectations. Additionally, simplifying designs to address core needs can reduce costs, increase efficiency,
and improve overall customer satisfaction.

Quality and Risk Management: Ensuring high product quality and proactively managing risks is critical to avoiding
defects, delays, and cost overruns. Implementing frameworks like Total Quality Management (TQM) and Six
Sigma standardizes quality processes, ensuring consistency. A comprehensive risk management strategy helps
identify potential risks early, allowing for better mitigation and smoother development cycles.

Project and Resource Management: Effective project and resource management are essential to meeting deadlines
and minimizing inefficiencies. Poor resource allocation and skills mismatches can lead to delays and increased
costs. Aligning resources with project needs and skills, along with using structured project management
methodologies, helps prevent scope creep and ensures projects remain on schedule and within budget.
Compliance and Technology Integration: Compliance with regulations and the integration of modern technologies
are essential for maintaining product quality and avoiding legal challenges. Keeping up to date with regulatory
requirements and incorporating compliance checks into processes helps mitigate legal risks. Embracing emerging
technologies like Al, IoT, and automation ensures products remain competitive and up-to-date, avoiding obsolescence.
Performance Monitoring and Decision-Making: Monitoring product performance post-launch and making data-
driven decisions are key to continuous improvement. Ignoring feedback or failing to track product performance
can lead to missed opportunities. Implementing feedback loops and adopting data-driven decision-making
frameworks enable organizations to make timely, informed decisions and identify areas for product enhancement.
Supply Chain and Lifecycle Management: Efficient supply chain management and effective lifecycle management
are crucial for timely delivery and long-term product success. Poor supplier relationships and disruptions can lead
to delays and increased costs. Strengthening supplier relationships, improving supply chain visibility, and
managing the entire product lifecycle help mitigate risks and ensure products evolve with changing customer needs,
preventing obsolescence.

In conclusion, addressing these Critical Failure Factors underscores the importance of Strategic Quality

Management (SQM) in overcoming barriers to successful product development. By aligning leadership, fostering
collaboration, focusing on customer needs, and implementing quality management practices, organizations can develop
high-performing, innovative products. These solutions not only help avoid common pitfalls but also strengthen the
overall product development process, ensuring long-term competitiveness and sustainable growth.



Risk Management

Failure to manage risks
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Table 15. Critical Failure Factors and Solutions for Achieving Product Development Excellence.

Strategic Area Perspective Critical Failure Factor (CFF) Solution

Leadership Unclear vision and goals Dgﬁne clear, rpeasurable goals;
. align leadership

Leadership & Culture — ; -
Organizational Low engagement, lack of quality =~ Foster a culture of continuous
Culture focus improvement; engage leadership
Innovation Insufficient R&D investment Increase R.&D fuqdmg; cultivate a

Innovation & R&D culture of innovation
R&D Lack of R&D focus or Boost R&D investments; prioritize

investment innovation

Customer Misunderstanding customer Use VOC/CTQ methods to align

Customer & Market Orientation needs with customer expectations

entat . - : — —
Orientation Product Design Ovc?rcomphcated or irrelevant Simplify designs; focus on core
designs customer needs
Quality Inconsistent quality control Standgrdl;e processes using TQM
. . Management and Six Sigma
Quality & Risk Apply risk management
Management PPLY &

frameworks; continuously monitor
risks

Resource Poor resource allocation, skills Align resources to project needs
Project & Resource Management mismatch and skills
Management Project . Apply structured project
Mailagement Poor planning, scope creep mana}:gement methodjologies
. Non-compliance with Stay updated on regulations;
. Compliance . . .
Compliance & regulations integrate compliance checks
Technology Technology Resistance to new technologies Embrace emerging technologies
Integration or outdated systems (Al IoT, automation)
Post-Launch Ignoring feedback, inadequate Implement feedback loops; track
Performance Monitoring Monitoring monitoring performance continuously

& Decision-Making

Decision-Making

Delayed decisions, lack of
accurate data

Implement data-driven decision-
making frameworks

Poor supplier relationships,

Strengthen supplier relationships;

Supply Chain ) . . i<ibili

Supply Chain & Lifecycle disruptions improve visibility
Lifecycle Ignoring lifecycle stages, lack of  Integrate lifecycle management
Management post-launch support from planning to post-launch

5. Conclusions and Future Work

This study presents a comprehensive methodology for achieving product development excellence by strategically
applying key quality management tools and frameworks. It explores the use of essential tools—such as Quality Function
Deployment (QFD), Failure Mode and Effects Analysis (FMEA), and Statistical Process Control (SPC)—to improve
product quality, reliability, and process efficiency. The approach emphasizes core principles, including customer-
centricity, innovation, cross-functional collaboration, continuous improvement, and risk-based thinking to align
development with market needs.

Central to the methodology is capturing the Voice of the Customer (VoC) and identifying Critical-to-Quality (CTQ)
factors to ensure products meet customer expectations and business goals. The DMAIC framework guides systematic
process optimization and innovation throughout the product lifecycle. Strategic Key Performance Indicators (KPIs)
track efficiency, quality, customer satisfaction, and time-to-market. Agile methods enhance flexibility, iterative
development, and responsiveness.

The study also identifies organizational, technical, cultural, and managerial barriers to achieving product development
excellence and proposes targeted strategies to overcome them, thereby promoting sustainable success and a competitive
advantage.

Future research should focus on validating this methodology across diverse industries and organizational settings
to robustly evaluate its effectiveness in achieving product development excellence. Additionally, exploring the
integration of advanced digital technologies—such as Artificial Intelligence, Internet of Things (IoT), and Digital
Twins—within the quality management framework could further elevate the precision, agility, and overall quality of
product development processes. Longitudinal studies examining the sustained impact of this integrated approach on



Intelligent and Sustainable Manufacturing 2025, 2, 10017 19 of 22

innovation performance and market competitiveness will be essential to understanding its long-term contribution to
product development excellence.
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