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Abstract: 
Additive manufacturing has emerged as a transformative production technology enabling complex 
geometries, material efficiency, and digital manufacturing flexibility. Despite its advantages, concerns 
persist regarding energy consumption, material waste, and inconsistent mechanical performance across 
process parameters. Sustainable additive manufacturing requires simultaneous optimization of 
environmental sustainability and mechanical integrity. This research develops and empirically validates a 
structural optimization model linking process parameters, energy efficiency, material utilization efficiency, 
and thermal stability with mechanical performance outcomes in additive manufacturing systems. Drawing 
upon sustainable manufacturing theory and process optimization principles, the study conceptualizes 
sustainability driven process optimization as a multidimensional construct influencing tensile strength, 
fatigue resistance, and dimensional accuracy. A quantitative research design was employed using Partial 
Least Squares Structural Equation Modeling to evaluate relationships among laser power control, layer 
thickness optimization, build orientation strategy, energy monitoring systems, material recycling 
integration, and resulting mechanical performance indicators. Data were collected from 389 mechanical 
engineers, additive manufacturing specialists, and production managers across aerospace, biomedical, and 
automotive sectors. Measurement model results confirmed reliability and convergent validity with 
composite reliability values above 0.88 and average variance extracted above 0.62. Structural model 
findings indicate that optimized process parameters significantly improve mechanical performance beta 
0.46 p less than 0.001, while energy efficiency beta 0.29 and material utilization efficiency beta 0.33 also 
contribute positively. Thermal stability mediates the relationship between process parameters and 
mechanical performance. The model explains 61 percent of the variance in mechanical performance. The 
findings demonstrate that sustainable additive manufacturing requires integrated control of energy, 
material, and thermal dynamics rather than isolated parameter adjustments. The study contributes a 
validated interdisciplinary optimization framework supporting environmentally responsible manufacturing 
while maintaining superior mechanical properties. 
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Introduction 
Additive manufacturing has revolutionized modern production systems by enabling layer by layer 
fabrication directly from digital models. Unlike traditional subtractive manufacturing, additive processes 
reduce material waste, support design complexity, and enable rapid prototyping. Industries such as 
aerospace, biomedical engineering, automotive production, and energy systems increasingly rely on 
additive manufacturing for high performance components. However, despite technological advancements, 
challenges remain in achieving consistent mechanical performance while ensuring sustainable resource 
utilization. 
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Mechanical performance in additive manufacturing depends heavily on process parameters including laser 
power, scanning speed, layer thickness, and build orientation. Variations in these parameters influence 
microstructure formation, porosity levels, residual stress distribution, and bonding strength between layers. 
Inconsistent control may result in reduced tensile strength, lower fatigue resistance, and dimensional 
inaccuracies. Therefore, systematic optimization of process parameters is critical to achieving reliable 
performance standards required in safety critical industries. 
 
Sustainability considerations further complicate additive manufacturing optimization. Although additive 
processes minimize material waste compared to conventional methods, they can be energy intensive. High 
energy consumption during laser melting or extrusion processes contributes to carbon emissions and 
operational costs. Moreover, powder-based systems may experience material degradation and recycling 
challenges. Sustainable manufacturing frameworks emphasize energy efficiency, material circularity, and 
environmental responsibility alongside economic performance. 
 
Recent global initiatives promoting carbon neutrality and circular economy principles highlight the 
importance of sustainable production systems. Manufacturing industries are under increasing pressure to 
integrate energy monitoring, waste reduction strategies, and environmentally friendly materials into 
production workflows. Additive manufacturing offers potential advantages for sustainable production due 
to its localized manufacturing capability and reduced transportation requirements. However, empirical 
models linking sustainability practices to mechanical performance outcomes remain limited. 
 
Traditional optimization studies often rely on experimental design techniques such as Taguchi methods or 
response surface methodology focusing primarily on mechanical strength indicators. While effective in 
parameter tuning, these approaches typically neglect sustainability variables such as energy consumption 
intensity and material reuse efficiency. A holistic optimization model integrating sustainability and 
mechanical performance dimensions is therefore required. 
 
Socio technical perspectives in manufacturing suggest that technological performance and environmental 
sustainability must be addressed concurrently to achieve long term industrial resilience. Sustainable 
additive manufacturing is not merely about minimizing resource usage but about achieving optimal balance 
between performance reliability and environmental impact. 
 
This research develops a comprehensive structural model examining how process parameter optimization, 
energy efficiency strategies, and material utilization efficiency collectively influence mechanical 
performance outcomes. Thermal stability is introduced as a mediating construct reflecting internal process 
dynamics affecting microstructural consistency. Using Structural Equation Modeling with, the study 
quantitatively validates relationships among these constructs. 
 
The findings provide theoretical and practical contributions by demonstrating that sustainable additive 
manufacturing can enhance rather than compromise mechanical performance when optimization strategies 
are systematically integrated. The study supports evidence-based manufacturing transformation aligned 
with environmental and industrial performance goals. 
 
Literature Review 
Additive manufacturing encompasses technologies such as selective laser melting, fused deposition 
modeling, and electron beam melting. Mechanical properties of printed components are influenced by 
thermal gradients, cooling rates, and bonding characteristics between successive layers. Studies show that 
optimal laser power and scanning speed improve density and tensile strength by reducing porosity 
formation. 
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Layer thickness plays a significant role in mechanical integrity. Thinner layers enhance surface finish and 
interlayer bonding but may increase energy consumption and build time. Conversely, thicker layers reduce 
production time but may compromise dimensional accuracy. Build orientation also affects anisotropic 
mechanical behavior due to directional solidification patterns. 
 
Energy consumption in additive manufacturing has gained research attention due to environmental 
sustainability concerns. Investigations indicate that energy intensity varies depending on machine 
configuration and parameter settings. Integrating real time energy monitoring systems enables dynamic 
process adjustments that reduce unnecessary power usage. 
 
Material utilization efficiency refers to effective use and recycling of feedstock material. Powder reuse 
cycles influence material quality, affecting mechanical performance. Sustainable strategies emphasize 
monitoring degradation levels and optimizing recycling rates to maintain strength properties while reducing 
waste. 
 
Thermal stability within the build chamber determines microstructure consistency. Temperature 
fluctuations may induce residual stress and microcracking. Controlled thermal environments enhance 
mechanical reliability and reduce post processing requirements. 
 
Sustainable manufacturing theory integrates environmental, economic, and technical dimensions. Empirical 
evidence suggests that sustainability initiatives can enhance operational efficiency rather than hinder 
productivity. However, few studies empirically link sustainability practices with mechanical performance 
outcomes in additive manufacturing. 
 
Structural Equation Modeling has been applied in manufacturing research to evaluate complex 
interrelationships among technological and organizational constructs. Partial Least Squares SEM is 
particularly suitable when predictive modeling and theory development are emphasized. 
 
Despite extensive experimental optimization research, gaps remain in understanding integrated 
sustainability and performance relationships. This study addresses this gap by developing a 
multidimensional optimization framework validated through empirical structural modeling. 
 
Conceptual Model and Theoretical Framework 
The conceptual framework is grounded in Sustainable Manufacturing Theory and Process Optimization 
Theory. 
 
Constructs 

 Process Parameter Optimization 
 Energy Efficiency 
 Material Utilization Efficiency 
 Thermal Stability 
 Mechanical Performance 

 
Hypotheses 

 H1 Process Parameter Optimization positively influences Thermal Stability 
 H2 Process Parameter Optimization positively influences Mechanical Performance 
 H3 Energy Efficiency positively influences Mechanical Performance 
 H4 Material Utilization Efficiency positively influences Mechanical Performance 
 H5 Thermal Stability positively influences Mechanical Performance 
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 H6 Thermal Stability mediates the relationship between Process Parameter Optimization and 
Mechanical Performance 

Methodology 
A quantitative research design was adopted. Data were collected from 389 professionals working in additive 
manufacturing facilities across aerospace, biomedical, and automotive sectors. Measurement items were 
adapted from validated manufacturing and sustainability scales using a five-point Likert scale. 
 
Smart-PLS version 4 was used for analysis. Reliability and validity were assessed through Cronbach alpha, 
composite reliability, and average variance extracted. Discriminant validity was tested using HTMT ratios. 
Structural relationships were evaluated using bootstrapping with 5000 resamples. R square, effect size f 
square, and mediation analysis were conducted. 
 
Statistical Analysis Results 
Table 1 Reliability and Convergent Validity 
Construct Cronbach Alpha Composite Reliability AVE 
Process Optimization 0.90 0.93 0.69 
Energy Efficiency 0.88 0.92 0.66 
Material Utilization 0.87 0.91 0.64 
Thermal Stability 0.89 0.92 0.68 
Mechanical Performance 0.92 0.94 0.73 
 
Interpretation of Table 1 
All constructs exhibit strong reliability with Cronbach alpha above 0.85. Composite reliability values 
exceed 0.90, confirming internal consistency. AVE values surpass 0.60, establishing convergent validity.  
 
These indicators confirm robustness of the measurement model. 
Table 2 Structural Model Results 
Path Beta t value p value Decision 
PO → TS 0.58 12.44 0.000 Supported 
PO → MP 0.46 9.72 0.000 Supported 
EE → MP 0.29 6.15 0.000 Supported 
MU → MP 0.33 7.02 0.000 Supported 
TS → MP 0.41 8.84 0.000 Supported 
R square Thermal Stability 0.34 
R square Mechanical Performance 0.61 
 
Interpretation of Table 2 
Process Optimization strongly influences Thermal Stability beta 0.58. Mechanical Performance is 
significantly predicted by Process Optimization, Energy Efficiency, Material Utilization, and Thermal 
Stability. The mediation analysis confirms partial mediation of Thermal Stability. The model explains 61 
percent of variance in Mechanical Performance, indicating substantial predictive power. 
 
Conclusion 
Sustainable additive manufacturing requires integrated optimization of process parameters, energy systems, 
material efficiency, and thermal control. The study demonstrates that sustainability practices enhance rather 
than compromise mechanical performance when systematically implemented. 
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Discussion and Future Recommendations 
The findings emphasize the importance of holistic optimization frameworks in additive manufacturing. 
Organizations should implement real time energy monitoring and advanced thermal management systems. 
Policymakers should incentivize sustainable production technologies. Future research may incorporate 
experimental validation and life cycle assessment modeling to extend the framework. 
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