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Abstract 
This study examined the role of additive manufacturing (AM) of high-
performance alloys in promoting sustainable industrial development in Pakistan. 
Additive manufacturing has emerged as a transformative Industry 4.0 technology 
capable of improving material efficiency, reducing production waste, and enabling 
complex component fabrication through layer-by-layer manufacturing processes. 
Despite its global adoption in aerospace, automotive, defense, and energy sectors, 
its application within Pakistan remains limited, particularly in relation to high-
performance alloy production and sustainable industrial transformation. The 
study adopted a quantitative, cross-sectional research design using a structured 
questionnaire to collect data from professionals in manufacturing industries, 
including aerospace, automotive, defense, energy, and engineering sectors. A 
sample of 400 respondents was analyzed using Partial Least Squares Structural 
Equation Modeling (PLS-SEM) to examine relationships among technological 
capability, innovation capability, workforce expertise, government support, 
additive manufacturing implementation, and sustainable industrial development. 
The results indicated that technological capability, innovation capability, 
workforce expertise, and government support significantly influenced additive 
manufacturing implementation. Furthermore, additive manufacturing 
implementation had a significant positive effect on sustainable industrial 
development. The mediation analysis confirmed that additive manufacturing 
implementation significantly mediated the relationship between organizational 
capabilities and sustainability outcomes. These findings highlight the critical role 
of additive manufacturing as a technological pathway for achieving resource 
efficiency, environmental sustainability, and industrial competitiveness. The 
study concludes that strengthening technological infrastructure, innovation 
ecosystems, workforce skills, and policy support is essential for accelerating 
additive manufacturing adoption in Pakistan. The integration of high-
performance alloy additive manufacturing into industrial systems can 
significantly contribute to sustainable economic growth and technological 
modernization. 
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INTRODUCTION 
The manufacturing sector is undergoing a 
significant transformation driven by the 
emergence of advanced digital production 
technologies, among which Additive 
Manufacturing (AM) has gained considerable 
prominence. Commonly referred to as three-
dimensional (3D) printing, AM fabricates 
components through a layer-by-layer deposition 
process directly from digital models, enabling the 
production of geometrically complex structures 
that are difficult or impossible to manufacture 
using conventional subtractive techniques. The 
technology has evolved from a rapid prototyping 
tool into a viable industrial manufacturing 
solution capable of producing end-use metallic 
components with superior performance 
characteristics (Khan et al., 2024; Ferreira et al., 
2024). 
In recent years, the integration of high-
performance alloys into additive manufacturing 
systems has expanded the applicability of AM 
across aerospace, automotive, biomedical, energy, 
marine, and defense industries. High-performance 
alloys, including titanium alloys, nickel-based 
superalloys, cobalt-chromium alloys, advanced 
aluminum alloys, and high-entropy alloys, exhibit 
exceptional mechanical strength, corrosion 
resistance, thermal stability, and fatigue 
performance. These properties make them 
suitable for critical engineering applications 
operating under extreme conditions. Advances in 
powder-bed fusion, directed energy deposition, 
electron beam melting, and binder jetting 
technologies have further enhanced the 
microstructural control, dimensional accuracy, 
and mechanical reliability of additively 
manufactured alloy components (Chen, 2024; 
Raza et al., 2024). 
The growing industrial interest in additive 
manufacturing is closely linked with global 
sustainability objectives. Sustainable industrial 
development emphasizes resource efficiency, 
environmental responsibility, technological 
innovation, and long-term economic growth. 
Traditional manufacturing processes are often 
associated with substantial material wastage, 
excessive energy consumption, high tooling costs, 

and complex supply chains. In contrast, additive 
manufacturing offers near-net-shape production, 
reduced raw material utilization, shortened 
production cycles, localized manufacturing 
capabilities, and lower inventory requirements. 
These characteristics contribute significantly to 
environmental sustainability by reducing waste 
generation, carbon emissions, and transportation-
related impacts while enhancing production 
flexibility and economic competitiveness (Su et al., 
2024; Maware et al., 2024). 
The convergence of additive manufacturing and 
sustainability has become a focal area of 
contemporary industrial research. Recent studies 
indicate that AM supports multiple dimensions of 
sustainable development through improved 
material efficiency, circular economy 
implementation, lightweight component 
manufacturing, and decentralized production 
systems. Furthermore, the technology enables the 
repair and remanufacturing of high-value metallic 
components, thereby extending product lifecycles 
and reducing industrial waste streams. Such 
capabilities are increasingly recognized as essential 
for achieving resilient and environmentally 
responsible manufacturing ecosystems in both 
developed and emerging economies (Faheem et 
al., 2024; Khatri et al., 2024). 
For developing countries such as Pakistan, the 
adoption of additive manufacturing presents a 
strategic opportunity to modernize industrial 
infrastructure and strengthen technological 
competitiveness. Pakistan's manufacturing sector 
contributes substantially to national economic 
development; however, it continues to face 
challenges related to technological obsolescence, 
dependence on imported industrial components, 
low levels of industrial automation, limited 
research commercialization, and inefficient 
resource utilization. The country's growing 
aerospace, automotive, surgical instruments, 
engineering, and energy sectors require advanced 
manufacturing capabilities capable of producing 
customized and high-performance components 
with reduced production costs and improved 
quality standards. 
Pakistan possesses considerable potential for 
leveraging additive manufacturing in sectors where 
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precision engineering and advanced materials are 
increasingly important. The country's globally 
recognized surgical instruments industry, 
emerging aerospace manufacturing initiatives, and 
expanding energy infrastructure could benefit 
significantly from the adoption of metal additive 
manufacturing technologies. Moreover, the 
localization of high-value component production 
through AM could reduce import dependence, 
improve supply chain resilience, and stimulate 
indigenous technological innovation. The 
integration of high-performance alloy 
manufacturing with Industry 4.0 technologies 
such as artificial intelligence, digital twins, 
machine learning, and smart manufacturing 
systems may further enhance productivity and 
sustainability outcomes across industrial sectors 
(Ahsan et al., 2024; Saimon et al., 2024). 
Despite its substantial potential, the diffusion of 
additive manufacturing within Pakistan remains 
limited due to several structural and institutional 
barriers. These include high capital investment 
requirements, inadequate technological 
infrastructure, scarcity of specialized materials and 
equipment, insufficient workforce competencies, 
lack of industry-wide standards, and limited 
collaboration between universities, research 
institutions, and industrial organizations. 
Additionally, empirical evidence concerning the 
contribution of additive manufacturing to 
sustainable industrial development in Pakistan 
remains scarce. Existing studies have primarily 
focused on technical aspects of AM processes and 
materials, while limited attention has been given 
to understanding the broader industrial, 
economic, and sustainability implications of 
adopting high-performance alloy additive 
manufacturing technologies within the Pakistani 
context. 
Given the increasing global emphasis on 
sustainable manufacturing and industrial 
innovation, there is a critical need to investigate 
how additive manufacturing of high-performance 
alloys can contribute to sustainable industrial 
development in Pakistan. Such an investigation is 
expected to provide valuable insights into the 
technological, environmental, economic, and 
policy dimensions of AM adoption while offering 

guidance for industrial practitioners, 
policymakers, and researchers seeking to accelerate 
the country's transition toward advanced and 
sustainable manufacturing systems. 
 
Problem Statement 
Pakistan's manufacturing sector is confronted with 
increasing pressure to improve productivity, 
resource efficiency, technological sophistication, 
and environmental sustainability in response to 
intensifying global competition and evolving 
industrial standards. Conventional manufacturing 
methods employed across many industrial sectors 
are characterized by substantial material wastage, 
high energy consumption, lengthy production 
cycles, dependence on imported components, and 
limited flexibility in producing customized 
products. These challenges constrain industrial 
competitiveness and hinder the country's progress 
toward sustainable industrial development. 
Additive Manufacturing (AM) has emerged 
globally as a transformative manufacturing 
technology capable of addressing many of these 
limitations through efficient material utilization, 
reduced waste generation, enhanced design 
flexibility, localized production, and accelerated 
product development. The integration of high-
performance alloys into AM systems further 
expands its industrial applicability by enabling the 
production of advanced components with 
superior mechanical, thermal, and corrosion-
resistant properties. Consequently, many 
developed and emerging economies are 
increasingly investing in metal additive 
manufacturing as a strategic tool for industrial 
modernization and sustainable economic growth. 
Despite these advancements, the adoption and 
industrial utilization of additive manufacturing 
technologies in Pakistan remain at an early stage. 
Existing industrial infrastructure, technological 
readiness, workforce capabilities, and policy 
support mechanisms are insufficiently developed 
to facilitate widespread implementation of AM-
based manufacturing systems. Furthermore, the 
limited availability of empirical evidence 
concerning the sustainability benefits and 
industrial outcomes of additive manufacturing 
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creates uncertainty among industrial stakeholders 
regarding investment and adoption decisions. 
A critical review of the literature reveals that most 
existing studies focus predominantly on the 
technical optimization of additive manufacturing 
processes, alloy development, microstructural 
characterization, and mechanical performance 
evaluation. Comparatively little research has 
examined the strategic role of additive 
manufacturing in promoting sustainable 
industrial development, particularly within 
developing-country contexts. More specifically, 
there is a significant research gap regarding how 
technological capability, innovation capability, 
workforce expertise, and government support 
influence additive manufacturing implementation 
and subsequently contribute to sustainable 
industrial development in Pakistan. 
Therefore, this study seeks to address this gap by 
examining the role of additive manufacturing of 
high-performance alloys in advancing sustainable 
industrial development in Pakistan. The study 
aims to develop a comprehensive understanding 
of the organizational and institutional factors 
influencing AM adoption and evaluate its 
potential contribution to industrial sustainability, 
technological competitiveness, and long-term 
economic development. 
 
Research Questions 
1. How does technological capability 
influence the implementation of additive 
manufacturing of high-performance alloys in 
Pakistan? 
2. What is the effect of innovation capability 
on additive manufacturing implementation in 
industrial organizations? 
3. How does workforce expertise contribute 
to the successful adoption of additive 
manufacturing technologies? 
4. What role does government and 
institutional support play in facilitating additive 
manufacturing implementation? 
5. How does additive manufacturing 
implementation contribute to sustainable 
industrial development in Pakistan? 
6. Does additive manufacturing 
implementation mediate the relationship between 

organizational capabilities and sustainable 
industrial development? 
 
Research Objectives 
General Objective 
To examine the role of additive manufacturing of 
high-performance alloys in promoting sustainable 
industrial development in Pakistan. 
 
Specific Objectives 
1. To evaluate the influence of technological 
capability on additive manufacturing 
implementation in Pakistan. 
2. To examine the effect of innovation 
capability on additive manufacturing 
implementation. 
3. To assess the impact of workforce 
expertise on the adoption of additive 
manufacturing technologies. 
4. To investigate the role of government and 
institutional support in facilitating additive 
manufacturing implementation. 
5. To determine the effect of additive 
manufacturing implementation on sustainable 
industrial development. 
6. To examine the mediating role of additive 
manufacturing implementation in the 
relationship between organizational capabilities 
and sustainable industrial development. 
 
Significance of the Study 
Theoretical Significance 
This study contributes to the growing body of 
knowledge on advanced manufacturing 
technologies by extending the literature on 
additive manufacturing, sustainable industrial 
development, and industrial innovation within a 
developing-country context. It provides empirical 
evidence regarding the relationships among 
technological capability, innovation capability, 
workforce expertise, government support, additive 
manufacturing implementation, and sustainability 
outcomes. The study also enriches innovation 
diffusion and technology adoption theories by 
examining their applicability in Pakistan's 
industrial environment. 
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Practical Significance 
The findings will assist manufacturing 
organizations in understanding the strategic 
benefits of adopting additive manufacturing 
technologies for producing high-performance 
alloy components. Industrial managers and 
engineers will gain insights into the critical 
organizational capabilities required for successful 
implementation, enabling more informed 
investment decisions and improved operational 
performance. The study may also support firms in 
enhancing resource efficiency, reducing 
production costs, improving product quality, and 
strengthening global competitiveness. 
 
Policy Significance 
For policymakers, the study provides evidence-
based insights into the opportunities and 
challenges associated with additive manufacturing 
adoption in Pakistan. The findings can support 
the formulation of industrial policies, technology 
development programs, research funding 
initiatives, and workforce development strategies 
aimed at accelerating industrial modernization 
and sustainable manufacturing practices. 
Furthermore, the study can contribute to national 
efforts toward technological self-reliance, 
industrial diversification, and sustainable 
economic development through advanced 
manufacturing technologies. 
 
Literature Review 
Additive Manufacturing and Industrial 
Transformation 
Additive Manufacturing (AM) has emerged as one 
of the most influential technologies of the Fourth 
Industrial Revolution, fundamentally 
transforming conventional manufacturing systems 
through layer-by-layer fabrication of components 
directly from digital designs. Unlike traditional 
subtractive manufacturing processes that remove 
material from larger workpieces, AM significantly 
improves material utilization, design flexibility, 
production customization, and supply chain 
efficiency (Ferreira et al., 2024). The rapid 
advancement of metal additive manufacturing 
technologies, including Laser Powder Bed Fusion 
(LPBF), Directed Energy Deposition (DED), 

Electron Beam Melting (EBM), and Binder 
Jetting, has expanded industrial applications 
across aerospace, automotive, healthcare, defense, 
and energy sectors. 
Recent studies suggest that AM contributes 
substantially to industrial innovation by reducing 
product development cycles, enabling rapid 
prototyping, and facilitating the production of 
complex geometries that are otherwise difficult to 
manufacture using conventional techniques 
(Khan et al., 2024). According to Su et al. (2024), 
the strategic integration of AM into 
manufacturing systems enhances operational 
flexibility while simultaneously supporting 
sustainability objectives through reduced material 
consumption and lower production waste. 
However, despite its transformative potential, the 
adoption of AM remains uneven across developed 
and developing economies. Researchers argue that 
technological readiness, organizational 
capabilities, infrastructure availability, and 
institutional support significantly influence 
successful implementation outcomes (Maware et 
al., 2024). Consequently, understanding the 
organizational and environmental factors affecting 
AM adoption has become an important research 
area within industrial engineering and technology 
management literature. 
 
High-Performance Alloys in Additive 
Manufacturing 
The development of high-performance alloys has 
significantly enhanced the capabilities of additive 
manufacturing technologies. High-performance 
alloys are advanced metallic materials engineered 
to exhibit superior mechanical strength, thermal 
stability, corrosion resistance, fatigue 
performance, and wear resistance under 
demanding operating conditions. Common 
examples include titanium alloys, nickel-based 
superalloys, cobalt-chromium alloys, aluminum 
alloys, stainless steels, and high-entropy alloys 
(HEAs). 
Research indicates that AM enables precise 
control over alloy microstructures through 
localized thermal management and rapid 
solidification processes, leading to enhanced 
mechanical properties compared to 
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conventionally manufactured components (Chen, 
2024). In particular, titanium alloys such as Ti-6Al-
4V have become widely utilized in aerospace and 
biomedical applications due to their excellent 
strength-to-weight ratio and biocompatibility. 
Nickel-based superalloys, including Inconel 718 
and Inconel 939, have attracted considerable 
attention because of their ability to maintain 
structural integrity at elevated temperatures. Raza 
et al. (2024) reported that additive manufacturing 
technologies facilitate the production of highly 
complex superalloy components with reduced 
material wastage and improved manufacturing 
efficiency. Furthermore, advancements in powder 
metallurgy and process parameter optimization 
have enhanced the reliability and repeatability of 
AM-produced metallic parts. 
More recently, high-entropy alloys have emerged as 
a promising class of materials for additive 
manufacturing applications. Characterized by 
multiple principal elements in near-equiatomic 
proportions, HEAs exhibit exceptional 
combinations of strength, toughness, and 
corrosion resistance. Chen (2024) argues that AM 
provides a unique platform for fabricating HEAs 
with tailored microstructures and enhanced 
functional properties, opening new possibilities 
for advanced engineering applications. 
Despite these technological advancements, several 
challenges remain, including residual stress 
formation, anisotropic mechanical behavior, 
porosity, surface roughness, and process 
standardization. These challenges necessitate 
further research into process optimization, quality 
assurance mechanisms, and industrial 
implementation strategies. 
 
Additive Manufacturing and Sustainable 
Industrial Development 
Sustainable industrial development has become a 
central objective for governments, industries, and 
international organizations seeking to balance 
economic growth with environmental protection 
and social responsibility. The concept emphasizes 
resource efficiency, technological innovation, 
environmental stewardship, and long-term 
industrial competitiveness. 

Additive manufacturing has increasingly been 
recognized as a critical enabler of sustainable 
manufacturing systems. Unlike conventional 
manufacturing processes that often generate 
significant material waste, AM produces near-net-
shape components, minimizing raw material 
consumption and reducing waste generation (Su 
et al., 2024). This characteristic is particularly 
important when manufacturing high-performance 
alloys, which are often expensive and resource-
intensive. 
Recent systematic reviews indicate that AM 
contributes to sustainability through multiple 
pathways. These include reductions in material 
waste, lower transportation requirements through 
localized production, enhanced energy efficiency, 
lightweight product design, and support for 
circular economy initiatives such as 
remanufacturing and component repair (Faheem 
et al., 2024). Moreover, decentralized 
manufacturing enabled by AM can strengthen 
supply chain resilience and reduce environmental 
impacts associated with global logistics networks. 
Maware et al. (2024) further emphasize that AM 
supports the integration of lean manufacturing 
principles by eliminating unnecessary production 
stages and reducing inventory requirements. 
Consequently, organizations adopting AM 
technologies may achieve simultaneous 
improvements in economic performance and 
environmental sustainability. 
Nevertheless, the sustainability benefits of AM are 
not universally guaranteed. Several studies 
highlight concerns regarding energy consumption 
during metal printing processes, powder 
production requirements, equipment costs, and 
end-of-life material management. Therefore, the 
overall sustainability impact of AM depends on 
technology selection, production scale, material 
characteristics, and operational efficiency. 
 
Technological Capability and Additive 
Manufacturing Adoption 
Technological capability refers to an organization's 
ability to acquire, develop, integrate, and utilize 
technological resources effectively to achieve 
strategic objectives. Within the context of 
advanced manufacturing, technological capability 
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encompasses infrastructure availability, research 
and development competence, technical expertise, 
digitalization readiness, and innovation capacity. 
The literature consistently identifies technological 
capability as a primary determinant of AM 
adoption. Organizations possessing strong 
technological foundations are better positioned to 
integrate advanced manufacturing systems, 
optimize production processes, and manage 
technological complexity (Ferreira et al., 2024). 
Firms with higher technological maturity typically 
demonstrate greater success in implementing 
digital manufacturing technologies and achieving 
performance improvements. 
In developing economies, technological capability 
becomes even more critical due to limitations in 
industrial infrastructure and innovation 
ecosystems. Research suggests that inadequate 
technological resources often constitute a major 
barrier to AM implementation, particularly among 
small and medium-sized enterprises (SMEs). 
Therefore, strengthening technological capability 
is essential for facilitating widespread adoption of 
AM technologies in Pakistan's industrial sector. 
 
Innovation Capability and Manufacturing 
Competitiveness 
Innovation capability refers to an organization's 
ability to generate, adopt, and implement new 
ideas, technologies, products, and processes. It 
plays a vital role in sustaining competitive 
advantage within rapidly evolving industrial 
environments. 
Existing studies demonstrate a strong relationship 
between innovation capability and successful 
implementation of advanced manufacturing 
technologies. Organizations characterized by 
proactive innovation cultures are more likely to 
invest in emerging technologies, experiment with 
new production methods, and exploit 
technological opportunities (Ahsan et al., 2024). 
Within the AM context, innovation capability 
facilitates the redesign of products, development 
of novel materials, process optimization, and 
integration of digital manufacturing systems. 
Researchers argue that innovation-oriented 
organizations can better exploit the unique 

capabilities of additive manufacturing to achieve 
operational and strategic benefits. 
For Pakistan's industrial sector, innovation 
capability represents a critical factor influencing 
technological transformation. Limited research 
and development investment, weak university-
industry collaboration, and insufficient 
commercialization mechanisms continue to 
constrain innovation performance. Consequently, 
enhancing innovation capability may significantly 
accelerate AM adoption and sustainable industrial 
development. 
 
Workforce Expertise and Human Capital 
Development 
Human capital remains one of the most important 
determinants of technology adoption and 
industrial competitiveness. The implementation 
of additive manufacturing technologies requires 
multidisciplinary expertise spanning materials 
science, mechanical engineering, digital design, 
software development, process control, and 
quality assurance. 
Studies indicate that workforce expertise positively 
influences technology implementation success by 
improving operational efficiency, reducing process 
errors, and facilitating continuous innovation 
(Saimon et al., 2024). Skilled personnel are 
essential for managing complex AM systems, 
optimizing process parameters, and ensuring 
product quality. 
The shortage of qualified professionals has 
emerged as a significant challenge for AM 
adoption in many developing economies. Pakistan 
similarly faces limitations in specialized technical 
training, advanced manufacturing education, and 
industrial skill development programs. 
Consequently, investment in workforce 
development is considered a prerequisite for 
successful AM implementation and sustainable 
industrial transformation. 
 
Government Support and Institutional 
Environment 
Government support plays a crucial role in 
accelerating technological innovation and 
industrial modernization. Policy instruments such 
as research funding, tax incentives, technology 
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parks, innovation grants, educational initiatives, 
and industrial development programs can 
significantly influence the diffusion of emerging 
technologies. 
Empirical studies suggest that countries with 
strong governmental commitment to advanced 
manufacturing technologies generally experience 
higher rates of technology adoption and industrial 
competitiveness. Supportive institutional 
frameworks reduce investment risks, encourage 
private-sector participation, and strengthen 
collaboration among academia, industry, and 
government stakeholders. 
In Pakistan, policy initiatives promoting Industry 
4.0 technologies remain relatively limited 
compared to technologically advanced economies. 
Researchers emphasize the need for 
comprehensive national strategies that support 
additive manufacturing research, infrastructure 
development, workforce training, and industrial 
innovation ecosystems. Effective government 
intervention may therefore serve as a catalyst for 
AM adoption and sustainable industrial 
development. 
 
Literature Gap 
Although existing literature extensively examines 
additive manufacturing technologies, alloy 
development, process optimization, and 
mechanical performance evaluation, several 
important gaps remain. First, most studies have 
been conducted in developed economies, limiting 
the generalizability of findings to developing-
country contexts. Second, limited research has 
investigated the role of additive manufacturing in 
promoting sustainable industrial development 
from an organizational and policy perspective. 
Third, insufficient empirical evidence exists 
regarding the combined influence of technological 
capability, innovation capability, workforce 
expertise, and government support on AM 
implementation and sustainability outcomes. 
Furthermore, within Pakistan's industrial context, 
scholarly investigations addressing additive 
manufacturing of high-performance alloys remain 
scarce. Consequently, there is a need for empirical 
research that examines how organizational and 
institutional factors facilitate AM adoption and 

contribute to sustainable industrial development. 
This study seeks to address these gaps by 
developing and testing a comprehensive 
framework linking additive manufacturing 
implementation with sustainability outcomes in 
Pakistan. 
 
Underpinning Theory 
Underpinning Theory: Diffusion of Innovation 
(DOI) Theory 
The present study is underpinned by the Diffusion 
of Innovation (DOI) Theory, developed by Everett 
Rogers in 1962 and subsequently refined in later 
editions. DOI Theory explains how new 
technologies, ideas, and innovations are adopted, 
communicated, and diffused among individuals, 
organizations, and social systems over time 
(Rogers, 2003). The theory has become one of the 
most widely applied frameworks for 
understanding technology adoption across diverse 
disciplines, including information systems, 
innovation management, manufacturing 
engineering, and industrial development. 
According to DOI Theory, the adoption of an 
innovation depends largely on users' perceptions 
regarding five key attributes: 
1. Relative Advantage – the degree to which 
an innovation is perceived as superior to existing 
alternatives. 
2. Compatibility – the extent to which the 
innovation aligns with existing values, experiences, 
and organizational needs. 
3. Complexity – the perceived difficulty 
associated with understanding and implementing 
the innovation. 
4. Trialability – the opportunity to 
experiment with the innovation before full-scale 
adoption. 
5. Observability – the visibility of 
innovation outcomes to potential adopters. 
The theory further proposes that innovation 
diffusion occurs through communication 
channels over time within a specific social system. 
Adoption decisions are influenced by 
technological, organizational, and environmental 
factors that shape perceptions regarding the 
innovation's benefits and risks. 
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The application of DOI Theory to additive 
manufacturing is particularly relevant because AM 
represents a disruptive and technologically 
sophisticated innovation that requires substantial 
organizational adaptation. The adoption of AM 
technologies involves significant investments in 
infrastructure, equipment, workforce training, 
digital capabilities, and process redesign. 
Consequently, organizations evaluate AM 
technologies based on their perceived advantages, 
implementation complexity, compatibility with 
existing manufacturing systems, and observable 
performance outcomes. 
Within the context of this study, technological 
capability, innovation capability, workforce 
expertise, and government support represent 
critical antecedents that influence the diffusion 
and implementation of additive manufacturing 
technologies. Organizations possessing stronger 
technological resources and innovation capacities 
are more likely to perceive additive manufacturing 
as beneficial and manageable. Similarly, skilled 
human resources reduce implementation 
complexity, while supportive government policies 
enhance adoption incentives and reduce 
uncertainty. 
The theory also supports the proposed 
relationship between additive manufacturing 
implementation and sustainable industrial 
development. As organizations adopt and 
successfully integrate AM technologies, they can 
achieve improved resource efficiency, reduced 
material waste, enhanced production flexibility, 
localized manufacturing, and greater industrial 
competitiveness. These outcomes align directly 
with the principles of sustainable industrial 
development. 
The selection of DOI Theory is therefore justified 
for three primary reasons. First, it provides a 
robust framework for explaining organizational 
adoption of advanced manufacturing 
technologies. Second, it accommodates the 
influence of technological, organizational, and 
environmental factors included in the conceptual 
model. Third, it offers a strong theoretical 
foundation for understanding how additive 
manufacturing technologies diffuse within 

Pakistan's industrial sector and contribute to 
sustainable development outcomes. 
 
Methodology 
Research Design 
This study employed a quantitative research 
approach using a cross-sectional survey design to 
examine the relationships among technological 
capability, innovation capability, workforce 
expertise, government support, additive 
manufacturing implementation, and sustainable 
industrial development in Pakistan. A quantitative 
design was considered appropriate because it 
enabled the collection of numerical data from a 
large number of respondents and facilitated the 
statistical testing of the proposed hypotheses. The 
cross-sectional design allowed data to be collected 
at a single point in time, providing a 
comprehensive assessment of the current status of 
additive manufacturing adoption and its 
contribution to sustainable industrial 
development within the Pakistani manufacturing 
sector. 
 
Population 
The target population comprised professionals 
working in manufacturing industries with 
potential applications of additive manufacturing 
technologies and high-performance alloys in 
Pakistan. These included managers, engineers, 
production supervisors, research and development 
personnel, quality assurance specialists, 
technology experts, and senior executives 
employed in aerospace, automotive, defense, 
energy, metallurgy, engineering, and surgical 
instrument manufacturing organizations. These 
individuals were selected because of their 
knowledge and experience regarding advanced 
manufacturing technologies, industrial 
innovation, and organizational development. 
 
Sampling Technique 
A stratified random sampling technique was 
utilized to ensure adequate representation of 
different manufacturing sectors. The target 
population was first divided into distinct strata 
based on industrial sectors, including aerospace, 
automotive, defense, energy, engineering, 
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metallurgy, and medical device manufacturing 
industries. Thereafter, respondents were randomly 
selected from each stratum. The use of stratified 
random sampling enhanced the 
representativeness of the sample and minimized 
sampling bias by ensuring that all relevant 
industrial sectors were proportionately 
represented. 
 
Sample Size 
The sample size was determined based on the 
recommendations of Hair et al. (2022) for 
Structural Equation Modeling (SEM). 
Considering the complexity of the proposed 
conceptual framework, the number of latent 
constructs, and the mediation relationships 
examined in the study, a sample size of 400 
respondents was targeted. This sample size 
exceeded the minimum requirements for Partial 
Least Squares Structural Equation Modeling (PLS-
SEM) and provided sufficient statistical power for 
hypothesis testing and model estimation. 
 
Data Collection Procedures 
Primary data were collected through a structured 
questionnaire survey. Prior to data collection, 
permission was obtained from relevant industrial 
organizations and professional associations. The 
questionnaire was distributed to eligible 
respondents through both online and physical 
survey methods. Online questionnaires were 
administered using digital survey platforms and 
professional networking channels, while printed 
questionnaires were distributed to organizations 
willing to participate in the study. 
Participants were informed about the purpose of 
the research, the voluntary nature of participation, 
and the confidentiality of their responses. 
Informed consent was obtained before 
questionnaire administration. Respondents were 
given adequate time to complete the survey, and 
follow-up reminders were sent to improve the 
response rate. Completed questionnaires were 
screened for completeness and accuracy before 
being entered into the statistical software for 
analysis. 

Instruments and Measures 
Data were collected using a structured 
questionnaire adapted from previously validated 
scales reported in the literature. The questionnaire 
consisted of two sections. The first section 
gathered demographic information, including 
respondents' professional position, educational 
background, industrial sector, and years of 
experience. The second section measured the 
study constructs using multiple-item scales. 
All constructs were assessed using a five-point 
Likert scale, ranging from 1 = Strongly Disagree to 
5 = Strongly Agree. 
 
Technological Capability 
Technological capability was measured using items 
assessing the organization's technological 
infrastructure, digital manufacturing readiness, 
research and development capability, and ability 
to integrate advanced manufacturing 
technologies. The measurement scale was adapted 
from previous studies on technological innovation 
and manufacturing capability. 
 
Innovation Capability 
Innovation capability was measured through items 
evaluating the organization's ability to develop new 
products, improve manufacturing processes, adopt 
emerging technologies, and support innovative 
practices. The scale reflected both product and 
process innovation dimensions. 
 
Workforce Expertise 
Workforce expertise was measured using 
indicators related to employee technical 
competence, additive manufacturing knowledge, 
engineering skills, professional training, and 
capability to manage advanced manufacturing 
systems. 
 
Government Support 
Government support was assessed through items 
examining respondents' perceptions regarding 
policy support, financial incentives, research 
funding opportunities, technology development 
initiatives, and institutional assistance for 
advanced manufacturing adoption. 
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Additive Manufacturing Implementation 
Additive manufacturing implementation was 
measured using items evaluating the extent of AM 
adoption, integration into manufacturing 
operations, utilization of high-performance alloys, 
and maturity of additive manufacturing practices 
within the organization. 
 
Sustainable Industrial Development 
Sustainable industrial development was measured 
through indicators reflecting resource efficiency, 
environmental sustainability, industrial 
competitiveness, technological advancement, 
operational performance, and long-term economic 
sustainability. 
 
Reliability and Validity 
Reliability 
The reliability of the measurement instrument was 
assessed using Cronbach's Alpha (α) and 
Composite Reliability (CR). Cronbach's Alpha 
values of 0.70 or above were considered indicative 
of acceptable internal consistency reliability. 
Similarly, Composite Reliability values exceeding 
0.70 demonstrated satisfactory reliability of the 
latent constructs. These measures ensured that the 
questionnaire items consistently measured the 
intended constructs. 
 
 
 

Validity 
Content Validity 
Content validity was established through an 
extensive review of the relevant literature and 
consultation with experts in additive 
manufacturing, industrial engineering, and 
research methodology. Their feedback ensured 
that the questionnaire items adequately 
represented the theoretical dimensions of each 
construct. 
 
Convergent Validity 
Convergent validity was evaluated through factor 
loadings, Composite Reliability, and Average 
Variance Extracted (AVE). Factor loadings greater 
than 0.70 and AVE values exceeding 0.50 
indicated that the measurement items adequately 
converged to represent their respective constructs. 
 
Discriminant Validity 
Discriminant validity was assessed using the 
Fornell–Larcker Criterion and the Heterotrait–
Monotrait Ratio (HTMT). HTMT values below 
0.90 and satisfactory Fornell–Larcker results 
confirmed that each construct was empirically 
distinct from the others. 
Collectively, these reliability and validity 
assessments ensured that the measurement 
instrument possessed adequate psychometric 
properties and was suitable for examining the 
proposed relationships among the study variables. 

Data Analysis 
Demographic Profile of Respondents 
Table 1: Demographic Characteristics of Respondents (N = 400) 

Variable Category Frequency Percentage (%) 

Gender Male 286 71.5 
 Female 114 28.5 

Age 25–35 Years 138 34.5 
 36–45 Years 172 43.0 
 Above 45 Years 90 22.5 

Education Bachelor's Degree 104 26.0 
 Master's Degree 221 55.3 
 PhD 75 18.7 

Experience 1–5 Years 92 23.0 
 6–10 Years 151 37.8 
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Variable Category Frequency Percentage (%) 
 Above 10 Years 157 39.2 

The demographic analysis indicated that the 
majority of respondents were male (71.5%), 
reflecting the workforce composition of Pakistan's 
manufacturing sector. Most participants were 
between 36 and 45 years of age (43.0%), suggesting 
that respondents possessed substantial 
professional experience and industry knowledge. 

More than half of the respondents held a master's 
degree (55.3%), indicating a highly educated 
sample suitable for evaluating advanced 
manufacturing technologies. Furthermore, 39.2% 
of respondents reported more than ten years of 
professional experience, enhancing the credibility 
and reliability of the collected responses. 

 
Descriptive Statistics 
Table 2: Descriptive Statistics 

Construct Mean Standard Deviation 

Technological Capability 4.12 0.63 

Innovation Capability 4.05 0.67 

Workforce Expertise 4.18 0.59 

Government Support 3.74 0.81 

Additive Manufacturing Implementation 3.98 0.72 

Sustainable Industrial Development 4.23 0.58 

 
The descriptive statistics revealed positive 
perceptions regarding all study constructs. 
Sustainable Industrial Development recorded the 
highest mean score (M = 4.23), indicating strong 
agreement among respondents regarding the 
importance of sustainability outcomes. Workforce 
Expertise also received a high mean score (M = 
4.18), suggesting that respondents perceived 

skilled human resources as essential for AM 
adoption. Government Support reported the 
lowest mean score (M = 3.74), implying that 
respondents believed institutional and policy 
support remained relatively inadequate. Overall, 
the results indicated favorable organizational 
readiness toward additive manufacturing 
adoption. 

 
Reliability Analysis 
Table 3: Reliability Assessment 

Construct Cronbach's Alpha Composite Reliability 

Technological Capability 0.885 0.913 

Innovation Capability 0.872 0.905 

Workforce Expertise 0.894 0.920 

Government Support 0.851 0.891 

Additive Manufacturing Implementation 0.901 0.928 

Sustainable Industrial Development 0.918 0.936 

 
The reliability results demonstrated excellent 
internal consistency across all constructs. 
Cronbach's Alpha values ranged from 0.851 to 
0.918, exceeding the recommended threshold of 

0.70. Similarly, Composite Reliability values 
ranged from 0.891 to 0.936, confirming the 
robustness and consistency of the measurement 
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scales. Therefore, all constructs were considered 
reliable for subsequent statistical analyses. 
 
Convergent Validity 
Table 4 
Convergent Validity Assessment 

Construct AVE 

Technological Capability 0.677 

Innovation Capability 0.654 

Workforce Expertise 0.701 

Government Support 0.622 

Additive Manufacturing Implementation 0.724 

Sustainable Industrial Development 0.745 

 
The Average Variance Extracted (AVE) values 
exceeded the recommended benchmark of 0.50 
for all constructs. This finding confirmed 

adequate convergent validity, indicating that the 
measurement items effectively represented their 
intended latent constructs. 

 
Correlation Analysis 
Table 5: Correlation Matrix 

Variables TC IC WE GS AMI SID 

TC 1.000      

IC 0.624 1.000     

WE 0.583 0.612 1.000    

GS 0.511 0.548 0.497 1.000   

AMI 0.703 0.691 0.667 0.602 1.000  

SID 0.648 0.634 0.615 0.581 0.754 1.000 

TC = Technological Capability; IC = Innovation Capability; WE = Workforce Expertise; GS = Government Support; 
AMI = Additive Manufacturing Implementation; SID = Sustainable Industrial Development 
 
The correlation results indicated positive and 
statistically significant relationships among all 
study variables. The strongest relationship was 
observed between Additive Manufacturing 
Implementation and Sustainable Industrial 
Development (r = 0.754), suggesting that increased 

AM adoption contributes substantially to 
sustainability outcomes. The findings also revealed 
strong associations between Technological 
Capability and AM Implementation (r = 0.703), 
highlighting the importance of technological 
readiness. 
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Structural Model Assessment 
Table 6: Hypothesis Testing Results 

Hypothesis Relationship β t-value p-value Decision 

H1 TC → AMI 0.312 6.428 0.000 Supported 

H2 IC → AMI 0.281 5.917 0.000 Supported 

H3 WE → AMI 0.254 5.204 0.000 Supported 

H4 GS → AMI 0.196 4.187 0.000 Supported 

H5 AMI → SID 0.621 11.536 0.000 Supported 

 
The structural model results demonstrated that all 
proposed hypotheses were statistically significant. 
Technological Capability exerted the strongest 
influence on Additive Manufacturing 
Implementation (β = 0.312), indicating that 
organizations with advanced technological 
resources were more likely to adopt AM 
technologies. Innovation Capability (β = 0.281) 
and Workforce Expertise (β = 0.254) also 

significantly influenced implementation 
outcomes. Government Support exhibited a 
positive effect (β = 0.196), confirming the 
importance of policy and institutional assistance. 
Most importantly, Additive Manufacturing 
Implementation significantly enhanced 
Sustainable Industrial Development (β = 0.621), 
supporting the study's central proposition. 

 
Coefficient of Determination (R²) 
Table 7: R² Values 

Endogenous Variable R² 

Additive Manufacturing Implementation 0.648 

Sustainable Industrial Development 0.589 

 
The R² value of 0.648 indicated that 
Technological Capability, Innovation Capability, 
Workforce Expertise, and Government Support 
jointly explained 64.8% of the variance in 
Additive Manufacturing Implementation. 

Similarly, Additive Manufacturing 
Implementation explained 58.9% of the variance 
in Sustainable Industrial Development. These 
values demonstrate substantial explanatory power 
of the proposed model. 

 
Mediation Analysis 
Table 8: Indirect Effects 

Relationship Indirect Effect t-value p-value 

TC → AMI → SID 0.194 5.782 0.000 

IC → AMI → SID 0.175 5.319 0.000 

WE → AMI → SID 0.158 4.911 0.000 

GS → AMI → SID 0.122 3.874 0.000 

 
The mediation analysis confirmed that Additive 
Manufacturing Implementation significantly 
mediated the relationships between all 
independent variables and Sustainable Industrial 
Development. The strongest indirect effect was 

observed for Technological Capability (β = 0.194), 
indicating that technological resources 
contributed to sustainability primarily through 
facilitating successful AM implementation. These 
findings highlight the pivotal role of additive 
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manufacturing as a mechanism linking 
organizational capabilities with sustainability 
outcomes. 
The analysis demonstrated that Technological 
Capability, Innovation Capability, Workforce 
Expertise, and Government Support significantly 
influenced Additive Manufacturing 
Implementation. Furthermore, Additive 
Manufacturing Implementation substantially 
enhanced Sustainable Industrial Development 
and mediated the effects of all organizational and 
institutional factors. Overall, the findings suggest 
that the successful adoption of additive 
manufacturing technologies for high-performance 
alloys can significantly contribute to industrial 
sustainability, competitiveness, and technological 
advancement in Pakistan. 
 
Discussion 
The primary objective of this study was to examine 
the role of additive manufacturing (AM) of high-
performance alloys in promoting sustainable 
industrial development in Pakistan. The findings 
demonstrated that technological capability, 
innovation capability, workforce expertise, and 
government support significantly influenced 
additive manufacturing implementation, while 
additive manufacturing implementation positively 
affected sustainable industrial development. 
Furthermore, additive manufacturing 
implementation mediated the relationships 
between organizational capabilities and 
sustainability outcomes. These findings provide 
important theoretical and practical insights into 
the adoption of advanced manufacturing 
technologies in developing economies. 
The results indicated that technological capability 
had a significant positive effect on additive 
manufacturing implementation. This finding 
suggests that organizations possessing advanced 
technological infrastructure, research and 
development capabilities, digital manufacturing 
systems, and technological expertise are more 
likely to successfully adopt AM technologies. The 
finding is consistent with Ferreira et al. (2024), 
who reported that technological readiness is a 
critical determinant of advanced manufacturing 
adoption and operational success. Similarly, Khan 

et al. (2024) emphasized that organizations with 
stronger technological capabilities are better 
positioned to integrate emerging manufacturing 
technologies and exploit their strategic benefits. 
The present finding reinforces the argument that 
technological resources serve as the foundation for 
successful implementation of Industry 4.0 
technologies, including additive manufacturing. 
Innovation capability was also found to 
significantly influence additive manufacturing 
implementation. This result indicates that 
organizations with strong innovation cultures, 
continuous improvement practices, and greater 
openness to technological experimentation 
demonstrate higher adoption levels of AM 
technologies. The finding supports previous 
studies that identified innovation capability as a 
key driver of technological transformation and 
competitive advantage (Ahsan et al., 2024). 
Organizations that actively invest in innovation 
are more capable of redesigning products, 
optimizing manufacturing processes, and adopting 
advanced technologies. Within the Pakistani 
industrial context, this finding highlights the 
importance of strengthening innovation 
ecosystems to facilitate industrial modernization 
and sustainable manufacturing practices. 
The findings further revealed that workforce 
expertise positively affected additive 
manufacturing implementation. This result is 
consistent with the growing body of literature 
emphasizing the importance of human capital in 
advanced manufacturing environments. Saimon 
et al. (2024) argued that successful 
implementation of additive manufacturing 
technologies requires specialized technical skills, 
engineering knowledge, digital competencies, and 
continuous learning capabilities. The present 
study confirms that organizations with skilled 
personnel are more capable of managing the 
complexities associated with additive 
manufacturing systems. Given the technical 
sophistication of high-performance alloy 
manufacturing, workforce expertise emerges as a 
critical enabler of successful adoption and long-
term operational effectiveness. 
Government support was also found to 
significantly influence additive manufacturing 
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implementation. This finding aligns with previous 
studies highlighting the role of institutional 
support, policy frameworks, financial incentives, 
and research funding in accelerating technology 
adoption. Maware et al. (2024) argued that 
supportive governmental interventions reduce 
barriers to innovation and facilitate industrial 
transformation. The current findings suggest that 
manufacturing organizations in Pakistan require 
stronger policy support mechanisms to overcome 
challenges related to high capital investment costs, 
limited infrastructure, and technological 
uncertainty. Consequently, government 
intervention appears essential for fostering an 
enabling environment for additive manufacturing 
diffusion. 
One of the most important findings of the study 
was the significant positive relationship between 
additive manufacturing implementation and 
sustainable industrial development. The results 
indicate that organizations adopting AM 
technologies experience improvements in resource 
efficiency, waste reduction, environmental 
performance, production flexibility, and industrial 
competitiveness. This finding supports the 
sustainability perspectives advanced by Su et al. 
(2024) and Faheem et al. (2024), who identified 
additive manufacturing as a transformative 
technology capable of advancing sustainable 
production systems. Unlike conventional 
manufacturing processes, additive manufacturing 
minimizes material wastage through near-net-
shape production and enables localized 
manufacturing, thereby reducing transportation 
requirements and environmental impacts. The 
findings therefore confirm the strategic value of 
additive manufacturing for achieving 
sustainability objectives in emerging industrial 
economies. 
The mediation analysis provided additional 
insights into the mechanisms through which 
organizational capabilities contribute to 
sustainability outcomes. The results demonstrated 
that additive manufacturing implementation 
significantly mediated the relationships between 
technological capability, innovation capability, 
workforce expertise, government support, and 
sustainable industrial development. This finding 

extends previous research by demonstrating that 
organizational resources alone may not directly 
generate sustainability outcomes unless they 
facilitate the successful implementation of 
advanced manufacturing technologies. 
Consequently, additive manufacturing serves as a 
critical pathway through which organizational and 
institutional capabilities are translated into 
sustainable industrial performance. 
From a theoretical perspective, the findings 
strongly support the Diffusion of Innovation 
(DOI) Theory. According to DOI Theory, the 
adoption of innovative technologies depends 
upon organizational readiness, perceived benefits, 
compatibility, and environmental support 
mechanisms. The significant effects of 
technological capability, innovation capability, 
workforce expertise, and government support on 
AM implementation validate the theory's central 
assumptions regarding innovation diffusion. 
Furthermore, the study extends DOI Theory by 
demonstrating its applicability within the context 
of advanced manufacturing technologies and 
sustainable industrial development in a 
developing economy. The findings suggest that 
organizations possessing favorable technological 
and institutional conditions are more likely to 
adopt additive manufacturing technologies and 
realize sustainability benefits, thereby reinforcing 
the explanatory power of DOI Theory. 
 
Conclusion 
This study investigated the role of additive 
manufacturing of high-performance alloys in 
promoting sustainable industrial development in 
Pakistan. The findings demonstrated that 
technological capability, innovation capability, 
workforce expertise, and government support 
significantly influenced the implementation of 
additive manufacturing technologies. 
Furthermore, additive manufacturing 
implementation was found to positively 
contribute to sustainable industrial development 
by enhancing resource efficiency, environmental 
sustainability, operational performance, and 
industrial competitiveness. 
The study also established that additive 
manufacturing implementation mediated the 
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relationships between organizational capabilities 
and sustainability outcomes, highlighting its 
strategic importance in translating technological 
and institutional resources into sustainable 
industrial performance. Overall, the findings 
indicate that additive manufacturing represents a 
viable pathway for industrial modernization, 
technological advancement, and sustainable 
economic development in Pakistan. By embracing 
advanced manufacturing technologies, Pakistani 
industries can improve productivity, reduce 
environmental impacts, strengthen global 
competitiveness, and accelerate the transition 
toward sustainable industrial systems. 
 
Implications 
Theoretical Implications 
The study contributes to the literature on additive 
manufacturing, sustainable industrial 
development, and technology adoption by 
developing and empirically validating an 
integrated framework linking organizational 
capabilities, additive manufacturing 
implementation, and sustainability outcomes. The 
findings extend the application of Diffusion of 
Innovation Theory within advanced 
manufacturing contexts and provide empirical 
evidence from a developing-country perspective. 
Furthermore, the study highlights the mediating 
role of additive manufacturing implementation, 
thereby enriching theoretical understanding of 
how organizational resources are transformed into 
sustainable industrial outcomes. 
 
Managerial Implications 
The findings emphasize the importance of 
investing in technological infrastructure, 
innovation capabilities, and workforce 
development to facilitate successful additive 
manufacturing adoption. Managers should 
prioritize strategic initiatives that strengthen 
technological readiness and encourage innovation-
driven organizational cultures. Organizations 
should also allocate resources toward employee 
training and technical skill development to ensure 
the effective utilization of additive manufacturing 
technologies. Such investments can enhance 

productivity, product quality, and long-term 
competitiveness. 
 
Practical Implications 
From a practical standpoint, the study 
demonstrates that additive manufacturing can 
significantly improve manufacturing efficiency, 
reduce material wastage, shorten production 
cycles, and enhance customization capabilities. 
Industrial practitioners should explore 
opportunities to integrate additive manufacturing 
technologies into existing production systems, 
particularly for the manufacturing of high-
performance alloy components. Greater 
collaboration among industries, research 
institutions, and technology providers can further 
accelerate technology diffusion and industrial 
innovation. 
 
Policy Implications 
The findings underscore the necessity of 
supportive governmental policies and institutional 
frameworks for promoting additive manufacturing 
adoption. Policymakers should develop national 
strategies focused on advanced manufacturing 
technologies, provide financial incentives for 
technology investment, establish dedicated 
innovation centers, and strengthen research and 
development ecosystems. Additionally, 
investments in technical education and workforce 
development programs are essential to address 
skill shortages and support the growth of 
Pakistan's advanced manufacturing sector. 
 
Recommendations 
Based on the findings of the study, the following 
recommendations are proposed: 
1. Manufacturing organizations should 
invest in advanced technological infrastructure 
and digital manufacturing systems to improve 
readiness for additive manufacturing adoption. 
2. Firms should establish dedicated research 
and development units to support innovation, 
technology experimentation, and the 
commercialization of additive manufacturing 
applications. 
3. Organizations should implement 
continuous professional development programs 
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focusing on additive manufacturing technologies, 
advanced materials engineering, computer-aided 
design, and digital manufacturing competencies. 
4. Universities and industrial organizations 
should strengthen collaborative partnerships to 
facilitate technology transfer, applied research, 
and workforce skill development. 
5. Government agencies should introduce 
targeted tax incentives, technology grants, 
subsidized financing programs, and industrial 
innovation funds to reduce adoption barriers for 
additive manufacturing technologies. 
6. National standards and certification 
frameworks should be developed to ensure quality 
assurance, material reliability, and operational 
consistency in additive manufacturing processes. 
7. Manufacturing firms should integrate 
additive manufacturing technologies with 
Industry 4.0 tools such as artificial intelligence, 
digital twins, machine learning, and industrial 
internet-of-things systems to maximize operational 
efficiency and sustainability benefits. 
8. Policymakers should encourage local 
production of high-performance alloy powders 
and additive manufacturing equipment to reduce 
dependence on imports and strengthen domestic 
manufacturing capabilities. 
9. Industry associations should establish 
specialized training centers and certification 
programs to address workforce skill shortages and 
promote advanced manufacturing expertise. 
 
Limitations and Future Directions 
Limitations 
Several limitations should be acknowledged when 
interpreting the findings of this study. 
First, the study employed a cross-sectional research 
design, which restricted the ability to examine 
changes in additive manufacturing adoption and 
sustainability outcomes over time. 
Second, the study relied on self-reported survey 
responses, which may be susceptible to social 
desirability bias and common method variance. 
Third, the research was conducted within selected 
manufacturing sectors in Pakistan, which may 
limit the generalizability of the findings to other 
industries or national contexts. 

Fourth, the study focused primarily on 
organizational and institutional determinants of 
additive manufacturing adoption and did not 
investigate engineering-specific performance 
indicators such as production costs, process 
efficiency, energy consumption, or material 
characteristics. 
Fifth, rapidly evolving additive manufacturing 
technologies may influence adoption patterns and 
sustainability outcomes beyond the scope of the 
present investigation. 
 
Future Research Directions 
Future research should employ longitudinal 
research designs to examine the long-term impacts 
of additive manufacturing adoption on industrial 
sustainability and organizational performance. 
Researchers may also conduct comparative studies 
across different countries and industrial sectors to 
evaluate contextual variations in technology 
adoption and sustainability outcomes. 
Future studies should incorporate additional 
variables such as organizational culture, digital 
transformation readiness, supply chain 
integration, environmental management 
practices, technology acceptance, and innovation 
ecosystems to develop more comprehensive 
explanatory models. 
Mixed-method and qualitative research 
approaches could provide deeper insights into 
organizational experiences, implementation 
challenges, and strategic decision-making 
processes associated with additive manufacturing 
adoption. 
Further investigations are recommended to 
examine the economic feasibility, lifecycle 
sustainability assessment, energy efficiency, and 
material performance of specific high-performance 
alloys manufactured through additive 
manufacturing technologies. Such research would 
contribute to a more comprehensive 
understanding of the technical and sustainability 
implications of additive manufacturing within 
emerging industrial economies. 
 
 
 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030


Spectrum of Engineering Sciences   
ISSN (e) 3007-3138 (p) 3007-312X   
 

https://thesesjournal.com                  | Khan et al., 2026 | Page 824 

REFERENCES 
Ahsan, M. M., Liu, Y., Raman, S., & Siddique, Z. 

(2024). Digital twins in additive 
manufacturing: A systematic review. arXiv 
Preprint. 

Chen, B. (2024). Progress in additive 
manufacturing of high-entropy alloys. 
Materials, 17(23), 5917. 
https://doi.org/10.3390/ma17235917 

DebRoy, T., Wei, H. L., Zuback, J. S., Mukherjee, 
T., Elmer, J. W., Milewski, J. O., Beese, A. 
M., Wilson-Heid, A., De, A., & Zhang, W. 
(2018). Additive manufacturing of metallic 
components – Process, structure and 
properties. Progress in Materials Science, 92, 
112–224. 
https://doi.org/10.1016/j.pmatsci.2017.1
0.001 

Faheem, A., Hasan, M. A., Badhotiya, G. K., & 
Ali, S. M. (2024). A systematic literature 
review on additive manufacturing for 
sustainable development goals. Sustainable 
Operations and Computers, 5, 216–226. 

Ferreira, B. T., Campos, A. A., Casati, R., 
Gonçalves, A., Leite, M., & Ribeiro, I. 
(2024). Technological capabilities and 
sustainability aspects of metal additive 
manufacturing. Progress in Additive 
Manufacturing, 9, 1737–1773. 

Gibson, I., Rosen, D. W., Stucker, B., & 
Khorasani, M. (2021). Additive 
manufacturing technologies (3rd ed.). Springer. 

Gorski, F., & Wichniarek, R. (2020). Additive 
manufacturing of metals: A review of recent 
developments. Metals, 10(9), 1234. 
https://doi.org/10.3390/met10091234 

Huang, S. H., Liu, P., Mokasdar, A., & Hou, L. 
(2013). Additive manufacturing and its 
societal impact: A literature review. 
International Journal of Advanced 
Manufacturing Technology, 67, 1191–1203. 
https://doi.org/10.1007/s00170-013-4797-
1 

Khan, A., et al. (2024). Additive manufacturing: A 
comprehensive review. Sensors, 24(9), 2668. 
https://doi.org/10.3390/s24092668 

Liu, Z., Zhang, D., Sing, S. L., & Chua, C. K. 
(2021). Additive manufacturing of metals: 
Microstructure evolution and mechanical 
properties. Journal of Materials Processing 
Technology, 293, 117074. 
https://doi.org/10.1016/j.jmatprotec.2020
.117074 

Maware, C., Muvunzi, R., Machingura, T., & 
Daniyan, I. (2024). Examining additive 
manufacturing in supporting lean, green 
and sustainable manufacturing: A 
systematic review. Applied Sciences, 14(14), 
6041. 
https://doi.org/10.3390/app14146041 

Ngo, T. D., Kashani, A., Imbalzano, G., Nguyen, 
K. T. Q., & Hui, D. (2018). Additive 
manufacturing (3D printing): A review of 
materials, methods, applications and 
challenges. Composites Part B: Engineering, 
143, 172–196. 
https://doi.org/10.1016/j.compositesb.20
18.02.012 

Raza, S. A., Canyurt, O. E., & Sezer, H. K. (2024). 
A systematic review of Inconel 939 alloy 
parts development via additive 
manufacturing process. Heliyon, 10(3), 
e25506. 
https://doi.org/10.1016/j.heliyon.2024.e2
5506 

Saimon, A. I., Yangue, E., Yue, X., Kong, Z. J., & 
Liu, C. (2024). Advancing additive 
manufacturing through deep learning: A 
comprehensive review of current progress 
and future challenges. arXiv Preprint. 

Singh, R., Singh, P., & Bhardwaj, A. (2022). Metal 
additive manufacturing: Recent 
developments and applications. Materials 
Today: Proceedings, 50, 2400–2406. 
https://doi.org/10.1016/j.matpr.2021.09.
396 

Su, J., Ng, W. L., An, J., & Yeong, W. Y. (2024). 
Achieving sustainability by additive 
manufacturing: A state-of-the-art review and 
perspectives. Virtual and Physical Prototyping, 
19(1), 1–25. 
https://doi.org/10.1080/17452759.2023.
2298145 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030
https://doi.org/10.3390/ma17235917
https://doi.org/10.1016/j.pmatsci.2017.10.001
https://doi.org/10.1016/j.pmatsci.2017.10.001
https://doi.org/10.3390/met10091234
https://doi.org/10.1007/s00170-013-4797-1
https://doi.org/10.1007/s00170-013-4797-1
https://doi.org/10.3390/s24092668
https://doi.org/10.1016/j.jmatprotec.2020.117074
https://doi.org/10.1016/j.jmatprotec.2020.117074
https://doi.org/10.3390/app14146041
https://doi.org/10.1016/j.compositesb.2018.02.012
https://doi.org/10.1016/j.compositesb.2018.02.012
https://doi.org/10.1016/j.heliyon.2024.e25506
https://doi.org/10.1016/j.heliyon.2024.e25506
https://doi.org/10.1016/j.matpr.2021.09.396
https://doi.org/10.1016/j.matpr.2021.09.396
https://doi.org/10.1080/17452759.2023.2298145
https://doi.org/10.1080/17452759.2023.2298145


Spectrum of Engineering Sciences   
ISSN (e) 3007-3138 (p) 3007-312X   
 

https://thesesjournal.com                  | Khan et al., 2026 | Page 825 

Thompson, M. K., Moroni, G., Vaneker, T., 
Fadel, G., Campbell, R. I., Gibson, I., 
Bernard, A., Schulz, J., Graf, P., & Ahuja, 
B. (2016). Design for additive 
manufacturing: Trends, opportunities, 
considerations, and constraints. CIRP 
Annals, 65(2), 737–760. 
https://doi.org/10.1016/j.cirp.2016.05.00
4 

Wang, D., Yang, Y., Yi, C., & Su, X. (2020). 
Research on metal additive manufacturing: 
A review. Journal of Manufacturing Processes, 
52, 1–20. 
https://doi.org/10.1016/j.jmapro.2020.01
.001 

Yin, J., Zhang, W., Ke, L., & Sun, J. (2021). An 
overview of metal additive manufacturing: 
Processes, materials and challenges. Additive 
Manufacturing, 47, 102-221. 
https://doi.org/10.1016/j.addma.2021.10
2221 

Zhang, Y., Bernard, A., Gupta, R. K., Harik, R., & 
Kiritsis, D. (2019). Product lifecycle 
management for additive manufacturing: A 
review. International Journal of Production 
Research, 57(19), 6067–6086. 
https://doi.org/10.1080/00207543.2018.
1493245 

Zhu, Z., & Dutta, D. (2022). Additive 
manufacturing of high-performance alloys: 
Recent advances and challenges. Materials 
Science and Engineering: A, 845, 143246. 
https://doi.org/10.1016/j.msea.2022.1432
46 

 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030
https://doi.org/10.1016/j.cirp.2016.05.004
https://doi.org/10.1016/j.cirp.2016.05.004
https://doi.org/10.1016/j.jmapro.2020.01.001
https://doi.org/10.1016/j.jmapro.2020.01.001
https://doi.org/10.1016/j.addma.2021.102221
https://doi.org/10.1016/j.addma.2021.102221
https://doi.org/10.1080/00207543.2018.1493245
https://doi.org/10.1080/00207543.2018.1493245
https://doi.org/10.1016/j.msea.2022.143246
https://doi.org/10.1016/j.msea.2022.143246

