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ABSTRACT: Mechanical metamaterials are a class of engineered materials whose mechanical behavior is primarily
governed by their internal architecture rather than their chemical composition. These materials exhibit unusual
properties such as negative Poisson’s ratio, high energy absorption, and tunable stiffness, which are not commonly
observed in conventional materials. Recent advancements in additive manufacturing have significantly accelerated the
development of mechanical metamaterials by enabling the fabrication of complex and customized geometries with high
precision. This review paper presents a comprehensive overview of mechanical metamaterials and their integration with
additive manufacturing techniques. Various categories of mechanical metamaterials, commonly used additive
manufacturing processes, structure—property relationships, and key engineering applications are discussed. In addition,
current challenges and future research directions are highlighted. The review aims to provide a consolidated
understanding of recent developments and to serve as a reference for researchers and engineers working in the field of
advanced materials and mechanical design.
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L. INTRODUCTION

Mechanical metamaterials are artificially designed materials that derive their exceptional mechanical properties from
carefully engineered microstructures. Unlike traditional materials, whose properties are determined mainly by their
chemical composition, mechanical metamaterials achieve unique responses through geometric design at the micro- or
meso-scale. These materials have gained significant attention due to their ability to demonstrate properties such as
negative Poisson’s ratio, enhanced stiffness-to-weight ratios, and programmable deformation behavior.

The rapid growth of additive manufacturing technologies has played a crucial role in the advancement of mechanical
metamaterials. Additive manufacturing allows the layer-by-layer fabrication of intricate geometries that are difficult or
impossible to produce using conventional manufacturing techniques. The combination of mechanical metamaterials and
additive manufacturing has opened new possibilities in lightweight structures, biomedical implants, energy absorption
systems, and aerospace components. This review paper focuses on recent developments in mechanical metamaterials
enabled by additive manufacturing, emphasizing classifications, fabrication techniques, applications, and future
prospects.

I1. CLASSIFICATION OF MECHANICAL METAMATERIALS

Mechanical metamaterials can be classified based on their deformation mechanisms and structural configurations.

2.1 Auxetic Metamaterials

Auxetic metamaterials exhibit a negative Poisson’s ratio, meaning they expand laterally when subjected to tensile
loading. This unique behavior results in improved indentation resistance, fracture toughness, and energy absorption
capacity. Auxetic structures are widely explored for biomedical implants, protective equipment, and flexible devices.

IJIRSET©2025 | AnISO 9001:2008 Certified Journal | 23350



http://www.ijirset.com/

ﬂﬂgﬁ International Journal of Innovative Research of
‘I3 j Science, Engineering and Technology (IJIRSET)

|www.ijirset.com |A Monthly, Peer Reviewed & Refereed Journal| e-ISSN: 2319-8753| p-ISSN: 2347-6710|

Volume 14, Issue 12, December 2025
|DOI: 10.15680/1JIRSET.2025.1412123|

2.2 Lattice and Cellular Metamaterials

Lattice-based metamaterials consist of periodic cellular architectures such as honeycomb, octet-truss, and gyroid
structures. These designs offer high strength-to-weight ratios and controlled deformation patterns, making them suitable
for load-bearing and impact-resistant applications.

2.3 Programmable and Multi-Stable Metamaterials

Programmable metamaterials are capable of changing their mechanical response based on external stimuli or
predefined configurations. Multi-stable metamaterials possess multiple stable states, enabling reversible shape changes
and adaptive behavior. These materials are promising for applications in soft robotics and adaptive mechanical systems.

II1. ADDITIVE MANUFACTURING TECHNIQUES FOR MECHANICAL METAMATERIALS
Additive manufacturing techniques are essential for fabricating complex metamaterial architectures with high accuracy.
3.1 Fused Deposition Modeling (FDM)

As shown in fig a FDM is a widely used additive manufacturing technique due to its low cost and ease of operation.
Thermoplastic materials such as PLA and ABS are commonly used. However, limitations include lower surface quality

and anisotropic mechanical properties.
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3.2 Stereolithography (SLA) and Digital Light Processing (DLP)

As shown in fig b SLA and DLP provide high resolution and smooth surface finishes, making them suitable for
fabricating fine-featured metamaterials. These techniques are particularly useful for biomedical and micro-scale
applications.
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3.3 Selective Laser Sintering (SLS)

As shown in fig ¢ SLS is used to fabricate polymer-based metamaterials with good mechanical strength and durability
It enables the production of complex lattice structures without the need for support materials
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Fig c

3.4 Selective Laser Melting (SLM) and Electron Beam Melting (EBM)

As shown in fig d & e SLM and EBM are primarily used for metallic metamaterials. These techniques allow the
fabrication of high-strength, load-bearing structures suitable for aerospace and automotive applications
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IV. STRUCTURE-PROPERTY RELATIONSHIPS

The mechanical behavior of metamaterials is strongly influenced by their internal geometry, relative density, and unit-
cell design. Parameters such as strut thickness, cell topology, and material selection significantly affect stiffness,
strength, and energy absorption characteristics. Studies indicate that geometric configuration often has a greater
influence on mechanical performance than the base material itself. Manufacturing-induced defects, such as porosity and
surface roughness, also play a crucial role in determining overall performance.

V. ENGINEERING APPLICATIONS

Mechanical metamaterials fabricated using additive manufacturing have demonstrated potential in various engineering
fields.

5.1 Biomedical Applications

Porous metamaterials are used in orthopedic implants to match the elastic modulus of bone, thereby reducing stress
shielding and improving osseointegration.

5.2 Energy Absorption and Impact Protection
Lattice metamaterials are widely used in crash protection systems, helmets, and packaging due to their ability to absorb
energy through controlled deformation.

5.3 Aerospace and Automotive Structures
Lightweight metamaterials contribute to fuel efficiency and improved structural performance in aerospace and
automotive components.

5.4 Soft Robotics and Wearable Devices

Auxetic and compliant metamaterials enable flexible, adaptive, and comfortable designs suitable for soft robotics and
wearable technologies.

IJIRSET©2025 | AnISO 9001:2008 Certified Journal | 23353



http://www.ijirset.com/

ﬂ“gﬁ International Journal of Innovative Research of
‘T34 j Science, Engineering and Technology (IJIRSET)

|www.ijirset.com |A Monthly, Peer Reviewed & Refereed Journal| e-ISSN: 2319-8753| p-ISSN: 2347-6710|

Volume 14, Issue 12, December 2025

|DOI: 10.15680/IJIRSET.2025.1412123|
VI. CHALLENGES AND FUTURE SCOPE

Despite significant advancements, several challenges remain in the development of mechanical metamaterials. These
include limited scalability, high production costs, and insufficient understanding of fatigue behavior and long-term
durability. Future research is expected to focus on multi-material additive manufacturing, artificial intelligence-based
design optimization, and bio-inspired metamaterial architectures. The development of standardized testing methods and
design guidelines will further facilitate industrial adoption.

VII. CONCLUSION

This review paper has presented an overview of mechanical metamaterials and their integration with additive
manufacturing technologies. The unique properties of these materials arise from their engineered architectures,
enabling applications across biomedical, acrospace, and mechanical engineering domains. Additive manufacturing has
emerged as a key enabler for fabricating complex metamaterial structures. Continued research and technological
advancements are expected to address existing challenges and expand the practical applications of mechanical
metamaterials in the future.
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