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Abstract: Auxetic metamaterials, characterized by their tiegaPoisson’s ratio, represent a breakthrough atenmal
science due to their unique mechanical propeffieese materials can be engineered to possess hatics not found
in nature, enabling a wide array of applicationfiétds such as aerospace, automotive, medicatesyvand protective
equipment. This paper presents design and implemientof auxetic metamaterials, with a focus onrtheechanical
properties, production techniques, and both nurakeaad experimental validation. The work aims tghlight the
potential of these materials in various industaied propose pathways for future research and dawvelot.

1 Introduction

Metamaterials are artificially engineered material
designed to exhibit properties that do not occuunadly.
These properties stem from the structure of theenaht
rather than its composition. The term "metamatévials
first introduced by Roger W. Walters in 1999, aits
then, the field has rapidly evolved. Metamateréats used i
to manipulate various forms of energy, such ag,lggund,

and mechanical forces, in ways that were previous ¢
impossible [1].
One of the most intriguing classes of metamateitals
auxetic materials, which exhibit a negative Poisson's
a)

ratio. This means that when an auxetic material b)
stretched, it expands in the direction perpendicidahe Figure 1 Material behavior under load: (a) convertal
applied force, contrary to the behavior of most material; (b) auxetic material [3]
conventional materials as seen in Figure 1. Thigu . .
property results in enhanced mechanical charatitsgis 2 AUXetic structrures: design and
such as superior energy absorption, resistance to properties
indentation, and improved mechanical robustness [2] Auxetic materials are fundamentally different from
Auxetic metamaterials hold great promise in severgbnventional materials in terms of their mechanical
industries, including aerospace, automotive, bidod behavior. Their design relies on a special intestraicture
engineering, and construction. These materialsaileg that allows for expansion under tension rather than
explored for use in applications that require dilitgh contraction, as seen in typical materials. Thisabedr is
flexibility, and high mechanical performance. Thisicle quantified by the Poisson’s ratio, which for auxeti
provides a comprehensive look at the design andaterials is negative [5,6].
implementation of auxetic metamaterials, emphagizin
their mechanical properties and industrial poté i 2.1 Mechanical propertiesof auxetic structure
The primary mechanical feature of auxetic mateigls
their negative Poisson's ratio, which allows therexpand

hul

~7 ~

Copyright © Acta Mechatronica, www.actamechatronica.eu



Acta Mechatronica - International Scientific Journal about Mechatronics
Volume: 9 2024 Issue: 2 Pages: 7-14 [ISSN 2453-7306

Advancements in the design and implementation of auxetic metamaterials
Barbara Schurger, Zuzana Trebunova, Peter Frankovsky

laterally when stretched. This property gives tisgeveral 3) Superior fracturetoughness: Figure 4 shows auxetic

advantages, including: structures demonstrating higher resistance to crack
propagation compared to traditional materials, Whic
1) Enhanced energy absorption: Auxetic materials are makes them ideal for components exposed to
particularly effective at absorbing energy (Fig@je mechanical fatigue and stress [9].

making them ideal for shock absorbers, protective
equipment, and impact-resistant components. This
property is especially useful in applications where
sudden impacts or high forces are encountered [7].

Force
peak force densification stage
plateau stage
elastic stage] J i _ ] ] ’
I, ///
% energy absorptlo
LS LA / / R Figure 4 Fracture of re-entrant auxetic structurieea tension

has been applied [9]

Displacement
Figure 2 Diagram of force-displacement curve of eticx

energy-absorbing structures [7] 4) Enhanced mechanical strength: Auxetic materials

demonstrate superior mechanical strength due o the
internal geometric structure (Figure 5). This gjtén
combined with their lightweight nature, makes them
ideal for use in structural applications where both
strength and weight reduction are critical [10].

2) Improved indentation resistance: When force is
applied to auxetic materials, their internal stouet
distributes the load more evenly than conventional
materials as seen in Figure 3. This results in avgad
resistance to indentation, which is beneficial in

protective gear, medical implants, and surfacesaitea 1000 4 (a) = Auxetic
subjected to repeated impacts [8]. 900 —=Non-auxetic
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Figure 5 Comparison of tensile strength of auxatid non-
© auxetic structure [10]
Non-auxetic

The mechanical properties of auxetic materialsnate
solely dependent on the material itself but ongdsemetry
of the auxetic structure. The internal architecbfrauxetic
structures can be fine-tuned to optimize specific
mechanical properties, depending on the intended

application [11].
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2.2 Numerical and experimental analysis

, » The design and optimization of auxetic materialg re

Figure 3 Deformation under indentation by a flajuare-ended heavily on numerical simulations. The finite elemen
punch of a) auxetic structure, b) non-auxetic e [8] method (FEM) is a powerful tool used to predict how

auxetic materials behave under different loading
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conditions. Numerical simulations allow enginees t This combination of simulation and experimentation
model the complex behavior of auxetic structuregnsures the reliability of auxetic materials in qgpical
optimizing their geometry for maximum performance. applications.

Finite Element Method: Through FEM, it is possible 2.3  Production techniques for auxetic structures
to simulate various stress-strain scenarios, détargithe One of the most significant challenges in the fiefd
material's response to different types of mechdhieals. auxetic materials is the fabrication of structuseith
FEM allows the designer to test multiple desigrromplex geometries. Traditional manufacturing téghes
configurations before moving to physical testingus are often insufficient for creating the intricateteirnal
saving time and resources. The simulations cant@p architectures required for auxetic behavior. Howgve
in predicting failure modes, optimizing materiaichness, additive manufacturing, or 3D printing, has revianized
and evaluating performance under extreme condifit®]s the production of auxetic materials, allowing foegise

control over their geometry.

Experimental Validation: Although numerical
simulations provide valuable insights into the n@etbal Selective laser meting (SLM): SLM is a 3D printing
behavior of auxetic materials, experimental valafatis technique that uses a high-powered laser to fusalme
essential for confirming the results. Mechanicaititg), powder into solid structures as seen in Figure fis T
such as tension, compression, and fatigue tests, afethod allows for the production of highly complex
performed on physical prototypes to verify the presl  auxetic structures with excellent mechanical proger
performance (Figure 6). These tests help validate tSLM is particularly useful in industries such asospace
material's energy absorption, impact resistance,atiher and automotive, where lightweight yet strong conguis
critical properties. Experimental validation alselgs are needed. By controlling the laser's path, fioissible to
identify any discrepancies between theoretical fisoaled create auxetic structures with precise geometriaildg

real-world behavior, which can arise due to manufawy  ensuring optimal performance under mechanical
imperfections or unexpected environmentagtress [14].
conditions [13].

Recoater
roller
Powder
reservoir

Yy Melting

Workpiece

Metal
powder

Figure 7 Principle of selective laser melting teiciue [15]

Stereolithography (SLA): SLA is a 3D printing
technique that uses a laser to cure layers ofdicgsin into
solid parts as seen in Figure 8. SLA is ideal feating
polymer-based auxetic materials, which are oftesdus
medical applications. The high level of precisidfe@d
by SLA makes it possible to produce small, intecat
auxetic structures, such as stents or scaffolds,ddéin be
used in biomedical applications [16].

Figure 6 Universal testing machine designed fostierand
compression testing
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. composites and bio-materials, that can further enhance
afer the performance of auxetic structures [19].

3 Application of auxetic metamaterials

Auxetic metamaterials have a growing range of
applications in industries that demand high-perforoe
materials capable of withstanding extreme mechéanica
forces. Their unique properties have led to thgit@ration
I in fields such as medicine, aerospace, automotne,

Mirror —»

Laser beam —» Platform

Levelling Workpiece

arm

sports equipment.

3.1 Biomedical devices
In the medical field, auxetic materials are beititized
for various devices, including stents, scaffoldsid a
prosthetic implants. Auxetic scaffolds are beingaiieped
Photosensitive for tissue engineering, where their ability to minthe
Figure 8rF?rsi||:ciple of stereolitography techniquesL mechanical properties of natural tissues suppettsiar
growth and regeneration. These scaffolds can ddape
Fused deposition modeling (FDM): FDM is one of the Patient’s body, promoting faster healing while pdivg
most common forms of 3D printing. It involves theStructural support for new tissue formation [20].
extrusion of molten plastic through a nozzle tddparts ~ Auxetic stents, for instance, can expand uniformly
layer by layer as seen in Figure 9. Although FDMsioot Within blood vessels (Figure 10), offering betteport
offer the same level of precision as SLM or SLAjsit and reducing the likelihood of collapse or dislauget.

widely used for prototyping auxetic materials. FBNows Their ability to maintain mechanical integrity umde
for rapid, low-cost production of auxetic prototgpe dynamic conditions makes them especially valuahle i

making it ideal for research and developmerfardiovascular applications [21].

purposes [17].
) Catheters
U Before |:|/ D
b o B Coronary artery ©
|.‘\.\ /\‘ " : Shrunk stent
= K

Plaque

Thermoplastic
filament

Figure 10 Behavior of auxetic vascular stent befand after

\.i / activation [21]

<«— Workoi Auxetic materials are also wused irspinal
orkpiece intervertebral discs (1VD) implants (Figure 11), where

they can replicate the flexibility and strength of

Open stent

After

Heated
head

T intervertebral discs. Their superior durability end
mechanical stress makes them well-suited for |emgt
Table implants, reducing the need for surgical revisi@.

Figure 9 Principle of fused deposition modelinght@ique [15]

Despite the advancements in 3D printing, therestife
challenges associated with manufacturing auxetic
materials. The precision required for certain aggions,
such as medical implants, necessitates tight doatrer
the production process. Variations in layer thidse
material properties, and environmental factorsiogract
the performance of the final product [18].

Additionally, the choice of material for 3D pringris
critical. While metals and polymers are commonlgdjs
researchers are exploring new materials, such as
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Compression and
its results

U
1‘ 1‘
Y{

Auxetic 1“1‘1“1‘1“ o 5
VD i f“fﬁx‘f‘f“
implant
Figure 13 Sports shoe design with auxetic strucforenergy
Lumbar absorption [26]
disc
herniation Helmets and protective padding made from auxetic
materials can distribute impact forces more evewhpss
the surface, reducing the risk of localized injgrie
Natural /2 E—— (Figure 14). The flexibility of auxetic materialslsa
IVD enhances comfort, allowing for better-fitting picitee

Comfrmq"i? and gear that does not compromise movement [27].
11S results

Figure 11 Difference between natural IVD and aux&fD

implant[22] Top
3.2  Automotive industry
The automotive industry is particularly interesied '
auxetic materials for applications where weightuaibn
and energy absorption are crucial. Auxetic materé@ke

being explored for crash-resistant components (EigQ),
seat cushions, and interior panels. Their abititalbsorb
impact energy makes them ideal for improving pagsen
safety in collisions [23].

Top foam (open cell)

Auxetic foam

Conventional foam

Figure 14 Application of auxetic foam in sportsrhet [27]

Automobile

3.4 Futureapplicationsin congruction

L With their superior load-bearing properties, auxeti
materials are being explored for use in buildingerials
and architectural structures. In construction, #Haxe

MG Eilaate materials could improve the safety and durabilify o
Figure 12 Auxetic structure used as a) automohilmper, b) ~ buildings by enhancing their ability to absorb sets

jounce bumper[23] shocks (Figure 15) and other forces [28].
Auxetic metamaterials can also contribute to more
Additionally, auxetic materials can be used irefficient energy management in buildings. Theitigbio
vibration-dampening systems to reduce noise angntrol deformation could be harnessed in adaptive

mechanical wear in vehicle components [24]. structures that change shape in response to eménatal
conditions, such as temperature or wind pressure,
3.3 Protective gear and sports equipment optimizing energy use and reducing overall cos#. [2

The sports and personal protective equipment
industries are adopting auxetic materials for potsllike
helmets, body armor, and sports shoes (FigurelBetc
materials enhanced resistance to impact and defiorma
provides superior protection against blunt forcuna,
making them ideal for use in contact sports andtamy
applications [25].
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(a) a_ (b) As we look to the future, the continued developnuént
) @ 1 auxetic metamaterials is expected to address série o
h . most pressing challenges in engineering and deSiga.
increasing integration of these materials into casi
industries will not only lead to better-performipgpducts
soil ke 3 but will also push the boundaries of what is pdssih
4 b material science. Innovations in manufacturing psses
H . Sy will be crucial in realizing the full potential aiuxetic
¥ -~ metic metamaterials, making it easier to customize aodymre
g them at scale, and at a cost that is accessible fooader
a range of applications.
Moreover, the future of auxetic materials lies lieit
P ability to be combined with other cutting-edge
Figure 15 Schematic representation of constructioretic technologies. For example, integrating auxetic
structure used for seismic shock absorption [28] metamaterials with smart materials could lead te th
development of adaptive, self-healing systemsrtgdond
4  Futureoutlook dynamically to environmental stimuli. In additiothe
The potential of auxetic metamaterials extends faxploration of multi-functional metamaterials—thdbat
beyond their current applications, and ongoing agge combine mechanical, electrical, and thermal propest
aims to unlock new possibilities for their use dvanced could open up new possibilities for use in advanced
engineering systems. As manufacturing techniquégbotics, flexible electronics, and next-generation
improve and researchers develop better control theer wearables.
material properties and geometric configuratiortse t  In conclusion, auxetic metamaterials are still e t
widespread adoption of auxetic materials is expette early stages of their industrial implementationt their
accelerate. promise is undeniable. The next decade will likebe
While auxetic materials offer remarkable mechanicadignificant advances in both their design and petdu,
properties, challenges remain in scaling up theidpction making them an essential component of modern
for mass-market use. Additive manufacturing musgngineering and design. By continuing to refine the
advance to meet the demand for industrial-scaf@brication methods and deepen our understanditigeof
production, and researchers need to explore thefusaw mechanical behavior, auxetic materials could reshap
materials that can offer even greater mechanic&ntire industries, providing safer, more efficieantd more
performance under extreme conditions. resilient solutions to some of the world's toughest
The applications of auxetic materials are diversgngineering challenges. The road ahead is filleth wi
ranging from flexible electronics to adaptive birilgl opportunities for innovation, and the role of aixet
structures. As research continues, auxetic metaimiste metamaterials will only continue to grow as thensition
will likely revolutionize industries that rely onidgh- from research labs into everyday applications.
performance materials. Their ability to provide estigr
mechanical strength, flexibility, and durability kes them Acknowledgement
invaluable for a future where performance and ifficy The work was supported by the grant project VEGA No

concrele
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