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This review presents the design and experimental analysis of metamaterials with tunable properties for
biomedical applications. Five different metamaterials, such as lightweight metamaterials, pattern
transformation metamaterials, negative compressibility metamaterials, pentamode metamaterials and
auxetic metamaterials, are discussed in detail with emphasis on their mechanical and biological features
that are primarily applicable in the field of biomedical technology. Various indigenous structures of the
metamaterials are carefully analysed for metamaterial design and their influence on mechanical
is studied. Thus, this
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1 Introduction

Metamaterials are artificial materials exhibiting properties that
are not present in naturally occurring materials. Recently, there
has been a surge in the popularity of metamaterials owing to
their potential applications in several industries." Metamater-
ials exhibit a diverse set of mechanical and biological charac-
teristics that are applicable in biomedical engineering."* There
are a few regulatory challenges in the incorporation of meta-
materials for biomedical applications, which include avoiding
adverse reactions with bodily fluids, requiring long-term stabi-
lity, maintaining sterile standards and manufacturing consis-
tency, and interaction with biological parts.®> Conducting a
thorough examination of the mechanical and biological
features of metamaterials is necessary for the researchers to
acquire a comprehensive understanding of the potential
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geometries and structures of all the above-mentioned metamaterials are analyzed.

applications of these materials in the field of biomedical
engineering.

The development of vascular stents and bone implants
is one area of metamaterial research with biological appli-
cations.® These devices are primarily used in the treatment of
cardiovascular disorders and bone abnormalities. To effectively
incorporate such devices into the human body, it is necessary
to choose materials that possess appropriate biological and
mechanical characteristics. Metamaterials, with their diverse
microstructure and enhanced mechanical characteristics, have
great potential for enhancing the performance and lifetime of
vascular stents and bone implants. Moreover, in biomedical
engineering, the capacity to differentiate amid the mechanical
properties of metamaterials is quite beneficial. Shape memory
polymers, known for their great elasticity and ability to adapt to
numerous bodily conditions, are commonly utilised in the fabrica-
tion of vascular stents.*” This flexibility is vital for attaining opti-
mum performance while accommodating potential obstacles.
Because of their mechanical and biological properties, metamater-
ials have been used widely in biomedical engineering, which has
sparked increased interest in further studies.® The remarkable
properties of metamaterials and their probable applications in
biomedical engineering, particularly in the development of novel
implants and medical devices, are prudently explored in this review.

Metamaterials can be engineered to perform the mechanical
properties of natural bone, which will improve support and
biocompatibility.>” According to several studies, this has the
potential to transform the field of bone implants.® Likewise, the
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flexible porosity and permeability of these materials help to
speed up healing and reduce the chance of implant rejection by
allowing improved absorption into surrounding tissues.>'® By
leveraging their exclusive mechanical characteristics, such as
shape memory and customizable stiffness, metamaterial-based
stents can respond to varying blood flow conditions and lower
the risk of restenosis.'" Additionally, because of their bioactive
properties, some metamaterials can encourage endothelializa-
tion, plummeting the danger of thrombosis and increasing
long-term vascular health.

With importance to their mechanical and biological features
that make them excellent for applications, the review will look
at five different types of metamaterials: auxetic metamaterials,
pentamode materials, negative compressibility metamaterials,
pattern transformation metamaterials, and lightweight meta-
materials. The review will also highlight significant data on the
additive manufacturing techniques employed to develop these
metamaterials, looking at the likely problems and potential
involved in including metamaterials into biological equipment,
providing insights into the field’s forthcoming directions.

2 Biomedical metamaterials

Biomedical metamaterials have exceptional mechanical proper-
ties that make them ideal for special applications. Mechanical
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metamaterials have superior mechanical performances, e.g.,
negative Poisson’s ratio (NPR), negative elasticity, negative
compressibility, thermal conductivity, tunable stiffness, and
energy absorption, which are used for different applications,
as shown in Fig. 1. The classification is grounded on the
Young’s modulus (E), shear modulus (G), bulk modulus (k),
Poisson’s ratio (v), and mass density (p) of mechanical
metamaterials’>™* For example, lightweight metamaterials
are beneficial for bone implant applications as they can lower
the weight while sustaining sufficient strength and durability."*
In vascular stents, the tunable stiffness and shape memory
properties of metamaterials allow for self-expansion in specific
locations, facilitating drug distribution structures and improv-
ing blood movement.? Additionally, auxetic metamaterials can
be used in vascular stents to increase the vessel coverage and
offer better resistance forces, avoiding vessel occlusion and
narrowing.""® Overall, biomedical metamaterials play a criti-
cal role in improving the working and functionality of various
biomedical devices, such as vascular stents, bone implants, and
artificial organs. These materials allow for tailored design and
functionality, enhancing the performance and functionality of
biomedical devices.'” However, not all types of metamaterials
are appropriate for biomedical applications. It should be noted
that the mechanical properties of metamaterials used in bio-
medical applications are crucial considerations. Therefore, the

Catalyst
support

| —
porosity Marine application

Large void
/space
Low thermal
—conductivity
Intrinsic
Thermal
1 protection system
Photonic/
Sl T Y
Negative g ’p e
compressibility ///D 20
¥ E’ j(
?dW y e
__I_l___‘__l_l___‘ e

Adding weight  Contraction Wave insulators

Mechanical actuator

Fig. 1 Mechanical metamaterials with various properties and applications, including energy absorption and lightweight structure, and unique

characteristics, like negative Poisson’s ratio and negative compressibility.

Metamaterial applications in diverse fields, such as aerospace and marine,

are displayed owing to their mechanical and thermal attributes. This figure was modified from the originals and reprinted with permission from Jia et al?

Copyright 2020 the American Institute of Physics.
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current section discusses the various metamaterials specifically
used for biomedical applications.

2.1 Lightweight metamaterials

Lightweight metamaterials with high stiffness are developed by
fine-tuning the stage network topology of biphasic or cellular
materials. The four forms of mechanical metamaterials are
distinguished by their distinct mechanical properties at the
macro level, which are created by modifying the microstructure.
Table 1 lists the lightweight mechanical metamaterials, each
with unique properties and potential biological applications.
Such lightweight metamaterials are classified into four types
depending on their framework: micro/nanolattice metamater-
ials, chiral metamaterials, origami-inspired metamaterials, and
cellular origami metamaterials.

Micro-/nanolattice metamaterials are made up of various
intervallic preparations of unit cells that may be built as beam-
based, plate-based, or minimum surface-based structures,?” as
shown in Table 1. By controlling the microscopic topology, the
appropriate large-scale mechanical characteristics are accom-
plished, making them useful in a variety of applications.
Several investigators developed micro/nanolattice materials
with densities that are lower than that of water, like foam,
but with the stiffness and strength of steel.”*>* For example, a
large-area multifunctional metal nanolattice was built with an
ultra-high tensile strength of 257 MPa, making it 2.6 times

Table 1 Lightweight metamaterials of different types
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tougher than prior porous materials, but having a relative
density of just 0.298.%° Although these metamaterials possess
excellent mechanical properties, they tend to invariably under-
perform under cyclic loading and extreme temperatures,
thereby making their use limited under such conditions.**
Chiral materials are another type of lightweight metamater-
ials that have non-overlapping mirror images and are classified
as left- or right-handed (refer to Table 1). Prall and Lakes®”
became the first to develop a hexagonal honeycomb chiral
material using Wojciechowski’s hypothesis.?® The unit cell is
made up of six ligaments interconnected by axisymmetric
rotation about a central cylinder that serves as a node.
Table 1 illustrates the anti-chiral structures, in which consecu-
tive nodes of the basic unit are linked on the opposing adjacent
of the ligament. Chiral structures, particularly anti-chiral struc-
tures, compress and expand ligaments surrounding nodes
under compression and tensile loads, resulting in materials
with a NPR, or auxeticity. Many researchers have utilized chiral
structures to develop 2D and 3D metamaterials that have
substantial adaptable ratios and ultrafast shape restructuring
reactions, leveraging prestressed shells’ bistability and energy
conversion features to accomplish spontaneous shape
reconfiguration.'® However, these metamaterials have some
issues with regard to the manufacturability and cost, and as a
result, its design and production could be technically challen-
ging at a microscopic scale."® Hierarchical structures, unlike
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chiral or anti-chiral structures, feature square, rhombic, or
polygonal nodes with increased stiffness.'® See Table 1 for
details.

Origami, taken from Japanese, is a conventional form of
portable paper in Japan. Origami’s intricate and varied folds
enable the creation of attractive three-dimensional structures,*’
as demonstrated in Table 1. Several lightweight metamaterials
based on origami patterns have emerged: the Miuraori
pattern® and the nonperiodic Ron Resch pattern®® to name a
few. They are adaptable, malleable, and lightweight. Han
et al.>° suggested an origami-based mechanical memory meta-
material, which might effectively reduce oscillations by swap-
ping between memories.

Cellular origami lightweight metamaterials use origami
design concepts to make 3D cellular materials, creating fold-
able structures. It combines origami structure with micro/
nanolattice layout. Table 1 displays the two types of cellular
origami metamaterials: stacked and interlaced,® > a novel
category of origami cellular metamaterials with variable Pois-
son’s ratio (PR). Cheung et al.** describes origami interleaved
tube cellular materials, which have a large interfacial surface
area and may be deployed.

Lightweight metamaterials exhibit properties such as
strength-to-weight ratios via lattice structures such as micro/
nano and origami patterns. Designs in terms of novel mechan-
ical structures include the hierarchical and fractal designs that
offer unprecedented strength while remaining lightweight.
These metamaterials are highly innovative; however, they
require precision manufacturing to avoid defective tolerance
and prevent mechanical degradation.>®*° Moreover, these
metamaterials are mechanically complex and develop flaws
during precision machining, affecting the consistency and
reliability in load-bearing applications. Unlike these designs,
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the conventional ones are more focused on a high load bearing
capacity with minimal weight rather than dynamic adaptability.

2.2 Pattern transformation metamaterials

Mechanical metamaterials use variable stiffness to modify
patterns. When a material reaches a particular deformation
threshold, its internal structure changes, resulting in a macro-
scopic phase shift and adjustable stiffness. This metamaterial
enables a phase transformation between microstructures.
Tomohiro®® found that external stress may cause patterns to
shift across the metamaterial. To differentiate between pattern
transformation and additional metamaterials, it is important to
consider auxetic materials with an NPR. Compression alters the
stiffness of the design alteration metamaterial in both long-
itudinal and normal directions. As a result, the material’s PR
varies with unclear positive and negative signs, and it differs
for auxetic metamaterials, which have a set NPRs.**?* It is
important to differentiate between chiral/anti-chiral metama-
terials and adjustable stiffness from pattern transformation.
The pattern transformation’s adjustable stiffness depends
on the configuration and arrangement of holes in the topology.
The holes are of conventional forms (circles, ovals, and poly-
gons) or irregular shapes (see Fig. 2). Mechanical metamaterials
may be optimized for topology by adjusting their hole form.>"**
Overveiled and Bertoldi®*® describe the structural stress-strain
response as a measure of the progressive stiffness of a structure
following hole optimization. As compressive strain develops,
the very first linear elastic stiffness phase occurs, followed by
nearly negligible incremental stiffness. Lastly, stiffness rises
dramatically when the hole collapses.

Hole arrays are classified into four types: square, triangular,
trihexagonal, and rhombitrihexagonal. Hole arrays of various
dimensions can be used for optimizing the topology in pattern
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Fig. 2 Pattern changes with variable stiffness. (a) Hole shapes. (b) Array of holes: (a) holey sheets. (b) Biholar sheets. (c) Phase transitions for holey sheets.
(d) Phase transitions for biholar sheets.®” This figure was reprinted with permission from Wang et al.>” Copyright 2023 Frontiers Media SA.
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transformation. According to Bertoldi et al®® and Florijn
et al.,*® holey sheets have an identical hole size, but biholar
sheets have two distinct sizes of circular holes, as illustrated in
Fig. (2b). The holey sheet resembles a periodic elastomeric
micro-lattice structure composed of beams. The framework’s
nonlinear stress-strain pattern offers greater energy absorp-
tion. According to Bertoldi et al,*® the material’s nonlinear
stress—strain pattern following compressive loading can be
attributed to the linear responsiveness of the stress generated
by early structural instability in the microstructure. Buckling in
cellular microstructures causes localized deformation via the
collapse band during continual load, leading to significant
strain.*® The biholar sheet is like a customizable mechanical
metamaterial with an NPR. Florijn et al*® reported that the
biholar mechanical metamaterial causes nonlinear deforma-
tion coupling in both major axes, breaking the symmetry. Yang
et al.*" noticed that reversible elastic instabilities can cause
pattern changes and allow for switching between different
forms. The pattern transformation allows for customizable stiff-
ness and NPR. Cao et al*® states that the buckling mode is
activated by a serious effective threshold and an NPR due to
pattern transformation. Tan et al*® established a real-time
controllable negative stiffness mechanical metamaterial, pre-
senting multistage pattern modification to achieve high vibra-
tion isolation and energy absorption efficiencies. Metamaterials
that exploit the mechanically unstable nature of periodic porous
elastic structures hold potential for several applications.
Pattern transformation metamaterials have sparked exten-
sive consideration due to their amazing potential to adjust
electromagnetic waves, acoustic waves, and mechanical vibra-
tions. While these metamaterials provide excellent applications
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for smart systems, their performance is largely affected by
sensitive environmental conditions that limit their stability and
predictability.** This can be improved by enhancing the mate-
rial robustness, environmental tolerance, and cost-effective
manufacturing. The unique designs of pattern transformation
metamaterials come with their ability to reconfigure their
internal structures under loading conditions that include
mechanical and thermal stresses.”’ Such materials use stable
structures at different levels that undergo major, reversible
deformations. In comparison to the other metamaterials, these
metamaterials having fixed lattice structures possess a dynamic
structure that adapts to changes in environmental conditions.
This ability is largely dependent on the material activation
mechanisms that tend to restrict their reliability when they are
used in varying or uncontrollable conditions.*> These materials
offer exclusive options for a wide range of biological applications
including imaging, sensing, treatment, and drug administration.
The enormous utilities of pattern transformation metamaterials
in biomedicine are detailed in the sections to follow.

2.3 Negative compressibility metamaterials (NCMs)

Negative compressibility, or negative bulk modulus, occurs
when a material extends under compression and shrinks under
tension.”” Compressibility, an indicator of a solid or fluid’s
volume change in reaction to pressure modifications, is often
positive.”* Negative compressibility has a unique effect when-
ever a system transitions from a stable to a metastable state due
to force.”> Metamaterials with negative compressibility are
divided into three types: negative linear compressibility

(NLC), negative area compressibility (NAC), and negative ther-
mal expansion (NTE), as shown in Fig. 3.
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(a) NCM with stress application in principal directions: (left) 3D unit-cell geometrical arrangement of the NCM (middle), cross-sectional view of

Fig. 3

NTE

the metamaterials. (b) Negative compressibility metamaterials (NCMs) exhibit unique responses to temperature and pressure changes. NCMs under
pressure expand (NAC) and contract upon cooling (NTE), exhibiting counterintuitive behaviors.*®* These figures were modified and reprinted with

permission from Wang et al.** Copyright 2023 Frontiers Media SA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NLC is a unique material feature where a system grows in a
single direction when evenly compressed.’® NLC materials
encompass both natural and synthetic materials. Natural mate-
rials with low negative compressibility include R-cristobalite-
structured BAsO, and KMn [Ag(CN),];.”” These materials exhi-
bit a somewhat mild NLC effect. Artificial materials using a
structure with a wine-rack, honeycomb, or analogous topology
can achieve greater values of negative compressibility. Li et al.*®
created a 3D hybridized zinc formate structure with NLC using
metal-organic frameworks (MOFs), [NH,][Zn(HCOO);]. Ghaedi-
zadeh et al.*® offered two methodologies for developing and
fabricating innovative composite structures with NLC. The
experimental findings reveal that the suggested material struc-
tures have NLC features because of the compressibility of the
foam filler, the position of network parts, and the stiffness ratio
amongst the two materials.

NAC, or enlargement of compressed crystals in either direc-
tion, is unusual or weaker than NLC."° Densification in multi-
layer materials often commences with stacking direction
compression, followed by extensions in both perpendicular
directions inside the layer.”’ When exposed to hydrostatic
compression, the molecular structure of Ag (tcm) (where tcm
stands for tricyclic methanation) continually develops in two
orthogonal directions. The disintegration of interlayer gaps
causes the honeycomb-like portions to flatten fast, resulting
in negative area compressibility.>!

NTE is the compression of a material upon heating.”"> NTE
metamaterials conserve energy, yet when heated up, they
shrink in various directions rather than expanding.*® Cairns
et al.*” found a relationship among anisotropic NTE and NLC/
NAC in structure materials. Anisotropic NTE characteristic is
also a form of negative compressibility. Researchers have used
the unique feature of negative compressibility for technological
purposes. Tortora et al.>® created a metal-organic framework
(MOF) by placing a non-wetting liquid in an elastic porous
substrate with a high negative compressibility. Kim et al.>*
developed a broadband muffler using a metamaterial made up
of a membrane framework with negative density and a Helm-
holtz resonator with negative functional compressibility. This
resulted in a specific metamaterial muffler with a broad work-
ing frequency spectrum. Mechanical metamaterials with nega-
tive compressibility have a possible application in engineering
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to satisfy requirements. These types of metamaterials face
significant constraints due to operational range and complex
structures. This cost and complexity restrict its ability for
scalable manufacturing and widespread use. The development
of robust materials and simplified structures maintain such
materials across a wide range of stress and environmental
conditions.*> NCMs exhibit varying geometries in their struc-
tural designs during compression. This is primarily achieved
through internal structures, namely chiral geometries, or fra-
meworks with interlocking components.>"*> During compres-
sion, NCMs with the negative compressibility characteristic
possess the ability to absorb significant energy and become
shock resistant, developing their suitability for protective appli-
cations. This negative compressibility is achieved through
interactions with complex internal networks, as they are speci-
fically designed to expand under compressive forces.>> Due to
their structural complexity, NCMs are susceptible to material
fatigue, especially under cyclic loading.**

2.4 Pentamode materials

Pentamode metamaterials are typically characterized by their
unique ability to exhibit fluid-like behaviors without deterring
their solid structure® shown in Fig. 4. These materials com-
prise specific diamond shaped lattice structures/geometries
that resist compression in one direction, offering minimal
shearing resistance in the other directions.>®” By modifying
the diameter dimensions, the creation of pentamode metama-
terials with diverse architectures can be enabled. Efficient
topology optimization approaches can reveal new pentamode
lattice microstructures with diverse material characteristics.”®
Furthermore, efficient wave manipulation of pentamode meta-
materials may be realized underwater at frequencies less than
1000 Hz.>® Pentamode metamaterials are currently being uti-
lized to tackle difficulties in a variety of industries because of
their distinct mechanical features.

2.5 Auxetic materials

Auxetic metamaterials, or NPR materials, contract laterally
when compressed and expand laterally when stretched,*” and
are classified as chiral structures, rotating stiff structures, re-
entrant structures, and perforated sheet structures.*® While
ordinary honeycomb structures lack auxeticity, Table 2 shows

Fig. 4 Pentamode metamaterials exhibit fluid-like behavior under stress conditions, retaining a solid framework. (a) Pentamode metamaterial stress
application in principal directions, (b) 3D unit cell geometrical arrangement of the pentamode metamaterial, (c) 2D representation of the 3D unit cell, and

(d) the macroscopic view of the lattice structure. This figure was reprinted with permission from Christensen et a

Society.
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that re-entrant hexagonal honeycombs have this attribute.
When stretched longitudinally at each end, the re-entrant
hexagonal honeycomb structure expands transversely (NPR),
whereas the typical honeycomb structure contracts transversely
(positive Poisson’s ratio).>* Several distinct geometric struc-
tures including auxetic arrowhead structures®® have been
demonstrated to have re-entrant mechanisms in addition to
the re-entrant hexagonal honeycomb structure. Furthermore,
Yang et al.®® state that 2D structures may be employed to create
3D re-entrant structures. As technology for additive manufac-
turing advances, it will be possible to create 3D re-entrant
structures to address problems. Using the electron beam melt-
ing method, Yang et al.®" created and produced a Ti-6A1-4V 3D
re-entrant lattice auxetic structure. The outcomes demon-
strated that this structure outperforms traditional materials
in terms of mechanical efficiency.

Table 2 shows that chiral structures, as discussed in Section
2.1, exhibit NPR. Mechanical forces causes the cylinder to spin,
enabling ligaments to flex and unfold or fold depending on
tensile or compressive loading. Therefore, these structures
exhibit auxetic properties. Introducing cylinders in chiral

Table 2 Different types of auxetic metamaterials
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honeycomb shapes reduces rigidity compared to re-entrant
hexagonal honeycombs.®® Anti-chiral honeycombs have
reduced moduli compared to chiral equivalents with a compar-
able number of ligaments.®* Creating periodic chiral structures
requires adhering to the symmetry of rotation. There are
however just five structural types: trichirals, anti-trichirals,
tetrachirals, antitetrachirals, and hexachirals. According to
C.-X. Lu et al.,** Poisson’s ratio of chiral structures is impacted
by both the ratio of ligament or cylinder wall thickness to
cylinder radius and the ratio of ligament length to cylinder
radius. meta-Chiral designs lack rotational symmetry and use
both chiral and anti-chiral features to improve auxetic beha-
vior. A meta-tetrachiral configuration combines tetrachiral and
anti-tetrachiral structures, changing its nodes from cylindrical
to rectangular.®® This meta-tetrachiral structure has a Poisson’s
ratio of much less than —1.0. Nevertheless, an NPR is only
possible with modest stresses. Rotating structures often consist
of standardized geometric forms linked by hinges, as shown in
Table 2. These geometrical forms contain squares, rectangles,
triangles, rhombuses, and parallelograms. When mechanically
loaded, the stiff structure revolves around its hinge point. It

Types Examples Features Ref.
Re-entrant The thermodynamic requirements call This figure was modified and reprinted with permission
structures 4 for a big negative Poisson’s ratio and from Kolken and Zadpoor et al.** Copyright 2017 Royal
| high stiffness. Society of Chemistry.
Chiral and . . , . This figure was modified and reprinted with permission
s Consistent Poisson’s ratio over several 35 . . .
anti-chiral . . o . from Alderson et al.”> Copyright 2010 ScienceDirect.com
strains and high deployability ratios. .
structures by Elsevier.
Rotating A varied variety of Poisson’s ratios This figure was modified and reprinted with permission
structures (negative to positive). from Grima et al.®> Copyright 2008 Wiley Online Library.
Perforated . - . . -
sheet Easy production procedure, a small This figure was reprinted with permission from Tang
structures range negative. et al.® Copyright 2020 American Ceramic Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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expands under unilateral tension and collapses under unilat-
eral compression. Rotating rectangular structures are formed
by substituting squares with rectangles. They are classified into
two varieties based on the geometry of the vacant area. Accord-
ing to Grima et al,*® the unoccupied area of type I is shaped
like a rhombi, with the Poisson’s ratio varying from negative to
positive. The unoccupied area of type II is shaped like a
parallelogram, with processes comparable to spinning square
structures.®>°® However, the connection differs. Research has
found that Poisson’s ratios of spinning rhombic and parallelo-
gram constructions vary based on loading orientation, geome-
try, and unoccupied area.®”~*°

Grima and Gatt”® discovered that perforated sheet construc-
tions with varying designs of standard blocks or sheets result in
combinations with a NPR, as shown in Table 2. They observed
that diamonds and star perforated sheet structures exhibit an
NPR in both compression and tension, which explains its
auxetic behavior. They also discovered that perforated sheet
structures are easier to make compared to other auxetic structures,
despite their similarity to rotating ones. Perforated sheet construc-
tions were often restricted in their ability to display NPRs. Mizzi
et al”* presented an array of extremely anisotropic auxetic perfo-
rated metamaterials with excellent tunability and the possibility for
a wide range of Poisson ratios. Artificial intelligence models now
allow for faster and more accurate construction of auxetic perfo-
rated sheet metamaterials.”” Despite the significant potential of
auxetic metamaterials for energy absorption, they face several
limitations, including low elastic modulus, low strength, high cost,
and inefficient fabrication processes.”

In addition to auxetic metamaterials, several structures have
NPRs. Microporous polymers, which include PTFE, exhibit
auxetic activity.”>”* PTFE has considerable anisotropy, exhibit-
ing a Poisson’s ratio as low as —12.0. Origami metamaterials
(described in Section 2.1) also exhibit NPR. The Miura origami
pattern may attain NPR with proper design specifications.””
The re-entrant and chiral structures of the auxetic metamater-
ials expand laterally when they are stretched, thereby achieving
their negative Poisson’s ratio, which enhances the mechanical
properties such as impact strength and shear strength, making
them viable for biomedical applications.?”> This auxetic
response is quite different from other metamaterials as these
structures densify when subjected to tension, ensuring uniform
distribution of force. These structures, however, pose chal-
lenges during fabrication due to their complex geometries
limiting their reliability under extreme conditions.®’ Mechan-
ical metamaterials may be classified using several criteria and
methods. Table 2 summarizes the many forms of auxetic
mechanical metamaterials.

3 Application of metamaterials in the
biomedical field
3.1 Biomechanical engineering

A compliant material is an NPR-like chiral material that gets
thicker on stretching unlike the usual materials that get thinner
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when stretched.”® In biomedical engineering, they can be
employed to create stents and scaffold necessary in the tissue
engineering.”® Along the same line, aerogels, thus, also belong
to the class of materials which are lightweight, low density and
highly porous in nature. These are for drug delivery systems,
wound healing systems and femoral tissue systems. The com-
posite system offers a large external surface area than the other
controlled drug delivery systems and can be modified/control
the release of the drug.”” Using auxetic materials, joint replace-
ments and bone transplants are some of the orthopedic
implants that can be done. It can be used in building stents
with relatively flexible construction that is suitable to be
inserted in arteries. It also reveals that the materials expand
more consistently, hence lowering impacts on the tissues and
increasing blood flow.”®

3.2 Imaging, sensing and diagnostics

Metamaterials are light in weight and this property when
integrated in structure with biological systems, for instance,
with molecular and cellular systems will provide very highly
sensitive and accurate information, which will assist us to
understand the processes of complicated diseases and ill-
nesses. It must also be noted that transforming pattern meta-
materials lead to the formation of the non-conventional
imaging system with high resolution and sensitivity. The pen-
tamode materials have the potential to work as the contrast
agents or the probes in the biomechanical imaging techniques
such as elastography and shear wave imaging.”® These probes
based on metamaterial can create mechanical waves or alter the
tissue’s elasticity and offer a broad range of information
regarding the tissue mechanical properties on any disease-
related anomaly such as cancer or fibrosis.”® Benefiting from
the reversible transition between monomodal and pentamode,
possible selective catch-molecules or receptors can be anchored
to the surface, in which the target molecules of concern
selectively interact with the catch-molecules and in turn, get a
measurable mechanical signal. Based on the discussed differ-
ent deformation characteristics of auxetic materials, the latter
are widely used to create effective strain and pressure sensors.
In as much as they can be incorporated on wearable equipment
as far as monitoring is concerned, and in as much as one’s
health status is of concern, this is all true. In essence, this kind
of metamaterials can be used to improve imaging devices such
as MRI and ultrasounds. They can be flexed to conform to the
movements of the body, shape, and they have skin contact;
therefore, it is possible to have better and enhanced shots.”®%°

3.3 Therapeutic devices

Metafluids are light thermofluids for which the new design
parameters are associated with the changed microstructure. In
the drug delivery application, Metamaterial can be embedded
to design drug delivery systems which have high sensitivity of
pressure. The fabrication of personal mechanical properties of
metamaterial-based braces, supports or orthoses for restora-
tion of functionality or orthopedic appliances allow better
support and stability, alignment of the involved joints or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tissues and thus relief from pain, enhanced mobility and
rehabilitation.® An additional aspect familiar with the suppor-
ters of auxetic characteristics is their application in bone grafts
and prosthetic implants as significant compatibility with the
tissues, which, in turn, has positive effects on certain surgical
interventions’ symptoms.®" In assistive devices such as exoske-
letons or other supportive frameworks, auxetic materials give
contour adaptability that can effortlessly shift in synchrony
with the user’s movements.**

3.4 Wearable and implantable devices

Hierarchical honeycomb structures (HHS) are periodic struc-
tures with honeycomb cells, created at different scales and then
arranged in such a way that they have a repetitive feature.
Metamaterials with negative compressibility will have practical
relevance in biomedical equipment, including vascular stents
and orthopedic implantation equipment. These materials can
improve the interaction with the overlying and/or surrounding
tissues and reduce the probability of inflammation; further-
more, they possess satisfactory mechanical properties for with-
standing physiological pressure.®

3.5 Drug delivery systems

Aerogels are a kind of material that is highly porous with very
low density and thus very light. Some of these are in the use of
taking drugs, in dressing of injuries, and acting as a support
structure for tissues. These are also foldable structures inspired
by origami and hence can be easily used for minimal invasive
medical instruments or even surgical instruments. In the field
of biomedicine, it can be applied for endoscopic instruments,
catheters, and drug delivery systems. Their small and portable
design makes it possible to locate them in areas within the
body that may be difficult to access and, at the same time, the
tissue damage is reduced.®* To summarize, it can be stated that
the delivery mechanisms of drugs may contain elements with
certain features within the external environment (light, tem-
perature, magnetic field, etc.) that will allow you to coordinate
the process of drug release by space-time accurately. To the best
of authors’ knowledge, the application of negative compressi-
bility metamaterials has not been discussed in recent studies;
however, if applied in drug delivery use, they can form delicate
drug carriers.** When those materials are compounded with
nanoparticles or hydrogels, one can create systems that could
actively increase in size upon exposure to certain factors such
as temperature change or changes in pH level, thereby enabling
the targeted and controlled release of the therapeutic drug
in the right part of the human body.*”** Application of
Pentamode-based drug distribution systems are in cancer
therapies, chronic disease control, regenerative medicine
among others. Auxetic materials are utilized in the systems
that transport drugs to tissues in the body. This is precisely
useful for handling localized issues like tumors or infections.
Auxetic materials improve medication delivery and retention in
joint areas, ensuring improved therapeutic efficiency for ill-
nesses such as arthritis.”® A complete utilization of metamater-
ials in drug distribution has been represented in Fig. 5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4 Additive manufacturing of
biomedical metamaterials

Biomedical metamaterials have specific mechanical character-
istics determined by their geometry, such as micro/nano lattice
architecture, rather than composition.***® Mechanical meta-
materials may be customized to provide various mechanical
characteristics.’” They involve elastic modulus, strength, Pois-
son’s ratio, recoverability, and energy absorption. Biomedical
metamaterials including auxetic,®*°> pentamode,”® lattice
structure,’® and lightweight metamaterials®® are being inten-
sively explored. Additive manufacturing (AM) technologies are a
feasible choice for fabricating mechanical metamaterials
because of their capacity to create high-resolution 3D structures
utilizing computer-aided design (CAD) files and independently
customize design unit cells. The summary covers the further-
most predominant additive manufacturing technologies uti-
lized to lightweight, pattern transformation, negative
compressibility, pentamode, and auxetic metamaterials.

4.1 Vat polymerization

Vat polymerization is a prevalent method for manufacturing
biomedical metamaterials via AM. These methods are exten-
sively employed to produce advanced metamaterials such auxe-
tic and pentamode structures.’®®” Buckmann et al.®” formed
auxetic metamaterial frameworks with sub-micron unit cells
using multi-photon polymerization (MPP).°® A structure of
30 pm x 30 pm x 30 um was formed using the MPP method,
resulting in a PR of —0.13.%% As per Ali et al.®* a high PR of —0.8
was attained for polymeric auxetic structures that were manu-
factured through material jetting and dip-in mode on MPP. The
direct laser writing (DLW) technique was used to produce
micro-structured polymer pentamode metamaterials that have
a bulk-to-shear ratio of up to 1000.°° The use of optical laser
lithography to generate flexible laminated heterostructures
resulted in better quality pentamode metamaterials,’” as shown
in Fig. 6.

Buckmann et al.'° and Kadic et al.'®" utilized a standard
MPP system to generate pentamode metamaterials proficient in
elastically hiding things. The unfeelability cloak was produced
utilizing the MPP setup’s dip-in mode. Employing a refractive
index matching photoresist, structures may be fabricated that
are taller than the objective lens’s operating range. The com-
mercial MPP arrangement utilizes Galvo mirror technology to
create structures at a high speed of 5 cm s~ *.°° One drawback of
the MPP system is its restricted construction volume. To
address this difficulty, it is considered to divide the design into
many sub-designs and fabricate larger structures sequentially.
Vat polymerization methods have been used to create mechan-
ical metamaterials with diverse functionality, in addition to
extreme materials.

Frenzel et al.'> developed lightweight chiral metamaterials
capable of twisting under compression. These metamaterials
were created utilizing 3D laser micro printing and demon-
strated twists per axial strain surpassing 2°. The self-
propagating photopolymer waveguide approach creates open
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Fig. 5 Transdermal drug delivery that is quick and flexible, powered by active acoustic metamaterials, enabling prompt management of acute illnesses.
(a) Diagrams show an active acoustic metamaterial patch delivering drugs quickly and precisely via the skin, addressing acute illness and regulating
pharmacokinetics in real time. (b) Example of an acoustic metamaterial patch presented. (c) Intended acoustic metamaterials’ computed transmission
curve. Top view of the metamaterial structures of the simulated acoustic field (d) and acoustic streaming field (e). (f) Side view of one metamaterial
structure with overlapping simulated streaming and acoustic fields. This figure was reprinted with permission from Xu et al® Copyright 2023 Nature
Portfolio.
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Reference

Fig. 6 Unfeelability cloak fabricated to elastically hide the solid cylinder placed underneath the structure.®” This figure was modified and reprinted with
permission from Buickmann et al.®” Copyright 2014 Nature Portfolio.

cellular structures using vat polymerization with collimated
ultraviolet (UV) light and a polymer mask. This technology
enables large-scale fabrication of micro-lattice structures
without compromising the lattice symmetry or diameter.
This technology shows promise for creating workable mechan-
ical metamaterials for real-world operations.'®® Polymeric
micro-lattices were developed by Jacobsen et al'®* using a
photopolymer waveguide technique which was self-
propagating. Lightweight hollow-tube nanolattices of high

896 | Mater. Adv, 2025, 6, 887-908

strength and stiffness were developed by Meza et al.,"® these
were able to regain their initial shape after compression with
over 50% strain. A polymer scaffold was used to 3D print
ceramic nanolattices with DLW and using the atomic layer
deposition (ALD) method, deposited a thin alumina film,
that eliminated the outer walls with concentrated ion beam
milling, and etching the internal polymer. Similarly, ceramic
(alumina) micro-lattices have been produced utilizing Micro-
stereolithography (MSL), ALD, and thermal decomposition."*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Motifs of 3D periodic chiral mechanical metamaterials. (a) Unit cell of a cubic-symmetry suggestion; (b) a metamaterial realized and characterized
experimentally based on this chiral unit cell; (c) motif as in (b), but with noncubic crystal symmetry; (d) chiral shearing auxetic; (e) conceptual cubic-
symmetry model allowing for an approximate analytical treatment based on Euler—Bernoulli beams; (f) uniaxial chiral auxetic; (g) uniaxial lattice
composed of an alternation of chiral and achiral units allowing for achieving large characteristic length scales. This figure was modified and reprinted with

permission from Carbaton et al.'®” Copyright 2019 Wiley Online Library.

This approach has enabled the fabrication of unit cells ranging
from 10 to 500 pm. Such lightweight, ultra-stiff lattice struc-
tures exhibited the required (E) ~ p relationship, independent
of material utilized (Fig. 7).

Pyrolyzing polymeric micro-lattices resulted in the creation
of glassy carbon micro-lattices. In a study by Eckel et al.,'*® self-
propagating photopolymer waveguide (SPPW) polymer micro-
lattices were converted to ceramic micro-lattices using pyroly-
sis. Pyrolysis of polymer nanolattices printed using a 3D printer
by DLW resulted in glassy carbon nanolattices with theoretical
strength and enhanced stiffness-to-density ratio (Fig. 8).'°® In
the study of Hedayati et al,® the Young’s modulus (E) of
ultralight micro-lattices was shown to be equivalent to p?
wherein p is the ratio of apparent density (p) to base material
density (ps). Hollow nickel micro-lattices with densities p <
0.1% demonstrated virtually complete removability for com-
pressive stresses of up to 50%, whereas higher densities exhib-
ited entirely plastic behavior during compression.'®® The
mechanical characteristics of the composite micro-lattices were
significantly affected by the thickness of NiB layers. Copper
micro-lattices of ultra-strength were manufactured using the
DLW technique, electroplating, and polymer elimination.™*°
Copper micro-lattices exhibit increased stiffness due to size
effects resulting from single-crystalline areas in the lattice
beams. Two-photon lithography was used to create hollow gold
octahedral nanolattices.""" The polymer nanolattice was subse-
quently sputtered with columnar gold. The polymer scaffold
was eliminated using a concentrated ion beam and oxygen
plasma etching. Adjusting the wall layer thickness of Au nano-
lattices boosted their yield strength by a factor of two. The
research found that material size affects strength and stiffness,

© 2025 The Author(s). Published by the Royal Society of Chemistry

contrary to the conventional mechanics of cellular solids,
which forecast consistent values for all samples.

Multimaterial projection MSL (Fig. 9) was used to create
mechanical metamaterials with controllable NTE.>® To control
NTE in a dual-material unit cell it needs to adjust the thermal
expansion coefficients and topology of the material. A similar
method may be used to achieve a zero-thermal expansion
coefficient by balancing positive and negative effects inside
the unit cell.>

Hybrid vat polymerization procedures are being utilized to
create hierarchical hollow tube metamaterials.”®'*1
Researchers used DLW, ALD, and polymer etching to create
hierarchical nanolattices in polymers, and polymer-ceramic
composites.'®*'*® Titanium nitride hollow tube nanolattices
with diameters spanning varying from 10 nm to 100 pm have a
tensile yield strength of approximately 1-2 orders of magnitude
higher compared to that of bulk material, possibly because of
size effects."”” Apparently, a few drawbacks observed in vat
polymerization of metamaterials are limited material selection,
as this manufacturing technique mainly supports resins. Resi-
dual stress is quite common amongst manufactured parts,
leading to reduced accuracy and sensitivity to environmental
conditions affects the print quality.'®

4.2 Selective laser melting

The selective laser melting (SLM) technology is widely used
to create metallic lattice structures for many purposes, espe-
cially automotive'™® and biomedical."'*''*> Ti-6Al-4V ELI, a
biomedical-grade titanium alloy, was used to create metama-
terials for biomedical purposes.'** In the study conducted by
wildman et al.,**® the mechanical characteristics of SLM meta-
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Fig. 8 Structures created utilizing the self-propagation polymer waveguide technology, with feature sizes spanning three orders of magnitude. (A) Basic
manufacturing procedure diagram. (B) Polymer template; (C) Ni—P micro-lattice structure created by electroless plating the polymer template and then
etching it. (D) and (E) two constructed structures with a breakdown of their building components.**? This figure was reprinted with permission from

Hedayati et al.**? Copyright 2017 the American Institute of Physics.

biomaterials were compared to those of diamond, truncated
cuboctahedron, and cubic lattice. SLM has also been used to
create auxetic and pentamode structures.'’* Hybrid meta-
biomaterials were created by combining negative and positive
PR’s structures to prevent tension-induced failure."** SLM was
used to create TiNi-based auxetic shape memory alloy struc-
tures, which might be used for reusable armor. Titanium alloy
(Ti-6Al-4V), a biocompatible and mechanically robust material,
was used to create metallic pentamode structures using
SLM"'>'7 (Fig. 10). The manufactured structures have signifi-
cantly greater physical features than their polymer equivalents.
The pentamode lattices’ Young’s modulus and strength have
been separated from density, resulting in elastic modulus
irrespective of permeability. This has important implications
for biological uses. Hedayati et al.'"> employed vector-based
transfer of energy to create pentamode lattice structures having
doubled cone connections.”” In a study of stainless-steel face
centred cubic (FCC) metamaterials, hollow lattices demon-
strated greater strength and energy absorption over solid
lattices of identical density.'®® A common problem observed
in SLM is the limited material compatibility and surface rough-
ness of the manufactured part that necessitates post processing

for smooth finish.'®

4.3 Selective electron beam melting (SEBM)

SEBM is a powder bed fusion technology that uses electron
beams to specifically melt powder beds. This method can create
lattice structures having a layer thickness of 50 pm, including

898 | Mater. Adv., 2025, 6, 887-908

auxetic structures made of titanium alloy (Ti-6Al-4V). Various
scan methodologies were employed to fabricate unit cells, and
the impact of strut size and filling was evaluated. Enhancing
the energy utilized to disintegrate the powder from 0.4 to
0.8 ] mm ™' resulted in thicker connections and changed unit
cells. Warmuth et al'*® noticed that the strut dimension
considerably impacts the PR and bulk modulus of a structure.
The PR remains nearly the same with increasing structural
density, but the modulus of elasticity increases. A topology
optimization approach called solid isotropic material featuring
penalization (SIMP) was applied to create structures having
certain mechanical characteristics."*® SEBM has usually been
used to create mathematically optimal structures that are not
easily manufactured.""® Schwerdtfeger et al.''® offered a hybrid
method that encompasses optimizing formerly produced struc-
tures employing SEBM and including a particular regulariza-
tion method into the SIMP. The regularization method
increases the initial design while reducing the influence on
part production. The mix optimization method and Arcam A2
SEBM system were used to achieve a PR of —0.58 £ 0.04. SEBM
was used to examine the mechanical traits of lattice structures
in several directions. Mechanical testing was implemented on
samples having a 4 mm cell size. Finding the behavior of
auxetic structures allows scholars to tune them to attain pre-
ferred mechanical characteristics.'®

Elastic metallic structures having mesoscopic components
in the region of millimeters were produced via volumetric
compression of standard metallic foams, which enabled

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Metamaterials with tunable negative thermal expansion fabricated using multi-material projection MSL. CAD design (a), (d), and (g), 3D views (b),
(e), and (h) and 2D views (c), (f), and (i) of the fabricated unit cell. This figure was modified and reprinted with permission from Wang et al.” Copyright 2016

American Physical Society.

Fig. 10 Pentamode Ti—6Al-4V lattice structure made with SLM.1°® This
figure was modified and reprinted with permission from Zadpoor106
Copyright 2019 ScienceDirect.com by Elsevier.

minimal influence over the resulting structure.'*® Employing
AM, a considerable increase in the accuracy of metal cellular
structures may be realized.'®" Yang et al.®" developed a compu-
tational model for honeycomb auxetic structures and used
SEBM to correlate the numerical and experimental findings.
The numerical simulation was evaluated by fabricating Ti-6Al-
4V lattice structures and accurately measuring the relative
density. They also found that when the quantity of unit cells
exceeds or equals 3, the features of auxetic honeycomb

© 2025 The Author(s). Published by the Royal Society of Chemistry

structures remain unaffected. A primary disadvantage in SEBM
is that it subjects the manufactured part to thermal distortion
as they undergo rapid heating and cooling cycles.'"®

4.4 Material jetting

Three-dimensional auxetic metamaterial structures with pro-
spective applications in energy consumption, and flexible elec-
tronics were developed and manufactured via inkjet printing. Li
et al.'*® showed the production of 100 mm x 100 mm struc-
tures with a 1 mm beam ligament thickness (Fig. 11). Yang
et al."*" created auxetic metamaterials with mechanically mod-
ifiable PRs using a multimaterial 3D printer. A large-scale
polymer pentamode metamaterial having a bulk to shear
modulus ratio of up to 1000 was developed utilizing the
polymer “FullCure850 VeroGray”.'””> While metallic auxetic
structures are being actively studied, flexible polymers have
received less attention. One illustration is polymeric auxetic re-
entrant structure. Employing a conventional Tango Black mate-
rial for lattice construction resulted in a PR of 1.18."*® The
developed model was contrasted to its 3D CAD design, which
revealed that degradation resulting from the potassium

Mater. Adv,, 2025, 6, 887-908 | 899
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Fig. 11 (A) Auxetic metamaterial structure manufactured using material jetting: (a) hexaround (top) and warmuth (bottom) cells in 2D (b) filling strategy.
(c) Stress—strain graph for hexaround lattice, filler, and composite. (B) Schematic design of individual cell dimensions for: (a) —15° re-entrant cells, (b)
—30° re-entrant cells, (c) +15° honeycomb cells and (d) +30° honeycomb cells. (C) (a) honeycomb, (b) re-entrant and (c)-(e) hybrid honeycomb
structures. (D) (a) An idealized 3D re-entrant unit cell with its struts colored red, blue, and green depending on the strut type, (b) general and lightened re-
entrant structure cells. (E) (@) Schematic of (A) auxetic and conventional meta-biomaterials, (B) hybrid meta-biomaterials and (C) meta-implants; and (b)
design of six hybrid meta-biomaterials. (F) (@) FDM printing setup and (b) schematic of CFRTPC auxetic honeycomb with specific printing path marked in
red lines. This figure was modified and reprinted with permission from Mazur and Shishkovsky'?* Copyright 2022 MDPI.
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hydroxide cleaning solution and swelling caused by water Mechanical metamaterials enable soft robots to extend
absorption resulted in regions with high stress and inside pipes using a single actuator. The robot has two soft
cracking.'* robotic arms, which impose radial pressure on pipe walls,
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Fig. 12 Single actuator soft robot based on one auxetic metamaterial hand.*?® This figure was reprinted with permission from Mark et al.**® Copyright
2016 IEEE.
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Fig. 13

(a) Polyamide structure manufactured using SLS with a Poisson'’s ratio of —0.5; (b) soft auxetic lattice structures composed of dual-segment TPU

powders;'3! (c) macroscopic polymer auxetic structures have a Poisson’s ratio of —0.08.2%° This figure was reprinted with permission from Clausen
et al. 3! Copyright 2015 Copyright 2019 Wiley Online Library and Ali et al.**® Copyright 2014 Springer Science + Business Media.

differentiated by a linear actuator.'*>**® One arm is composed

of auxetic metamaterials, whereas the other is created from an
element with a positive PR. When the linear actuator imparts
pressure to the arms (Fig. 12), the auxetic structure compresses
and reduces radial pressure, allowing the robot to change
position. This mechanism is reversed following the contraction
stage.®” Using topology optimization and 3D printing, investi-
gators may customize the PR of produced structures across
wide deformation bands. Clausen et al.®® utilized numerical
prediction to build 9 structures and printed them with silicon-
based elastomeric ink polydimethylsiloxane (PDMS). PRs

(b)

FAVAVAVAVAVAVAVA

TAVAVAVAVAVAVAVA

\VAVAVAVAV

|

between —0.8 and 0.8 were attained. The values were somewhat
lower than modeling findings; however, this was attributed to
tiny changes in the unit cell structure while manufacturing.
Inkjet printing is a versatile technology that may create multi-
materials structures. Multimaterial auxetic structures exhibit
diverse features compared to single material auxetic metama-
terials. Wang et al.”” used a Polyjet technique (Connex Objet350
machine) to create dual material auxetic unit cells, demonstrat-
ing that these structures are not limited by the balance that
exists between PR and Young’s modulus. Leveraging flexible
connections and solid walls/beams allows for stronger auxetic

(© (d)

JAVAVAVA
JAVAVAVAY,

TAVAVAVAVAY
TAVAVAVAY,

JAVAVAVAVAS

% \WAVAVA!
K YAVAVAY,

\VAVAVAVAV

Fig. 14 FDM-printed metamaterial frameworks for testing in mechanical conditions. The frameworks (a), (b), (e), and (f) are used in axial tests and (c), (d),
(9), and (h) in transverse directions. The frameworks (a), (c), (e), and (g) were used for tension testing, whereas (b), (d), (f), and (h) were utilized for
compression testing.*** This figure was modified and reprinted with permission from Yuan et al.*** Copyright 2017 ScienceDirect.com by Elsevier.
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Table 3 Mechanical properties of different biomedical metamaterials
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Geometry
Metamaterial  type Properties Deformation mechanism Ref.
Auxetic Honeycomb (i) Re-entrant hexagonal honeycomb unit cells exhibit ~ The re-entrant structure’s auxetic activity is deter- 135
metamaterial high anisotropy and high Young’s and shear moduli. mined by the cell wall length and angle. When
(ii) Reducing vertical and diagonal rib thickness can tensile force is exerted, the ribs migrate outward,
reduce Poisson’s ratio and Young’s moduli. and the shape expands.
(iii) 3D structures can be effortlessly designed from the
hexagonal honeycomb.
Chiral (i) Chiral structures are created by attaching ribs toa  Whenever tensile or compressive force is applied 135
center node, which can be a circle, rectangle, or other  uniaxially, the central nodes revolve, causing liga- and
shape. ments to wrap or unravel around them in chiral 136
(ii) Chiral models are on a 2D plane and only show formations.
rotational reflections.
Arrowhead (i) The compression starts with the disintegration of tri- The motion of the arrowhead structure is deter- 102
angles, leading to transverse contraction. mined by the dimension and angle of the ribs.
(if) The arrowhead structure’s stiffness and auxeticity
grow with compression strain.
(iii) Poisson’s ratio may be modified by modifying linkage
lengths or rib angles.
Lightweight Honeycomb (i) Re-entrant hexagonal honeycomb unit cells have con- The principal deformation mechanisms in these =~ 102
metamaterial siderable anisotropy, which means that their mechanical frameworks involve cell wall bending, as well as  and

Negative com-
pressibility
metamaterials

Pentamode
metamaterials

902

Origami
inspired

Porous

Spring like

Lattice
structures

Metafluids

Mater. Adv., 2025, 6, 887-908

characteristics depend on the orientation of the force
being applied.

(ii) Re-entrant hexagonal honeycomb structures have a
high Young’s modulus, which makes them rigid and
resistant to deform during tensile or compressive
pressures.

(i) Origami-inspired structures endure severe deforma-
tion without sustaining long-term damage.

(ii) Because of their geometrical structure and folding
sequences, such materials retain structural stability
under a wide range of loads.

compression and extension in various directions. 137
This enables effective energy dissipation.

When an external stress is enforced, the material 29
folds and unfolds along predefined crease lines,
enabling it to store energy and modify shape.

(i) Porous negative compressibility metamaterials exhibit When pressure is introduced to the metamaterial, 37

negative compressibility when they are subjected to
increased pressure.

(if) When subjected to stress, tension, or impact, these
metamaterials effectively absorb energy.

(iii) The size, shape and distribution of pores could be
varied by changing the stiffness and compressibility of
these metamaterials.

(i) The capacity of spring-like negative compressibility
metamaterials to expand in response to pressure increa-
ses is their most distinguishing feature.

(ii) Spring-like negative compressibility metamaterials

the pores enlarge instead of compressing. This and
enlargement might result from the motion of the 45
material around the pores or the rearranging of the
pores themselves.

When you apply pressure to the metamaterial, the 45
spring-like parts start to uncoil. This uncoiling

action permits the material to enlarge in volume
instead of compressing. The deformation process is

may go through reversible deformation cycles, expanding frequently nonlinear since spring-like materials may

and contracting when pressure is imposed and released.

(i) A lattice structure pentamode metamaterials have a
very high bulk modulus, making them particularly resis-
tant to compressive deformation.

(ii) These metamaterials have a low shear modulus, which
allows them to quickly transform under shear force. The
lattice structure is designed to have low shear stiffness
whilst preserving compressive strength, resulting in a
fluid-like reaction to shear forces.

(iii) These metamaterials possess anisotropic mechanical
characteristics and are mainly regulated by changes in
the design and orientation of the lattice members.

(i) Metafluid pentamode metamaterials have very high
bulk modulus but very low shear modulus. They readily
deform when subjected to shear stresses, displaying
fluid-like characteristics like flow, and bending while
maintaining solid structures.

(i) Due to these properties, these types of metamaterials
exhibit excellent acoustic properties.

originally oppose displacement before abruptly
uncoiling and expanding.

A lattice structure, Pentamode metamaterials pos- 55
sess a modest shear modulus, causing them to be and
easily deformed by shear force. Under shear force, 56
the lattice components can buckle or shift, accord-

ing to the structure’s architecture and shape.

When a compressive load is exerted, the material 55
conveniently bears the force while avoiding volume
change. Given their extremely low shear modulus,
these metamaterials behave similarly to fluids
under shear stress. They can be easily deformed,
twisted, and flow in response to shear loads. Under
shear force, Metafluid pentamode metamaterials
may buckle or reorient their microstructure. This
procedure enables the material to withstand shear
deformation while maintaining overall coherence
and rigidity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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constructions. Buckling in the middle of the walls reduces
auxeticity. However, in the 2D material auxetic structure,
flexible joints maintain a stable negative PR during high
deformations.**’

4.5 Selective laser sintering (SLS)

SLS had been employed in the production of macroscopic
auxetic materials. Andreassen et al.'® used topology optimiza-
tion to develop 3D materials with periodic structures, achieving
a Poisson’s ratio of —0.5 and a bulk modulus of 0.2% for
homogeneous base materials (Fig. 13a). This research presents
individual material structures made from polyamide utilizing
SLS machinery.’®® Wang et al.’*® employed SLS technology to
produce 3D soft auxetic lattice networks with dual-segment
thermoplastic polyurethane (TPU) powders that operate in hard
and soft states (Fig. 13b). The auxetic cells have 3D body-
centered cubic (BCC) and simple cubic (SC) structures made
of elastomeric 6- or 12-hole spherical shells. Li et al.**° used SLS
to create large-scale polymer auxetic structures with a Poisson’s
ratio of —0.8 (Fig. 13c). With is technique, high energy con-
sumption is common due to prolonged laser use and high-
temperature requirements.'*!

4.6 Fused deposition modeling (FDM)

FDM was used to deposit soft polylactide (PLA) material,
resulting in rhombohedral and hexagonal unit cells. The
designs were built using a printing speed of 40 mm s~ ' and a
layer thickness of 0.2 mm."*° The beam-like components were
1 mm thick and 16 mm long. The mechanical traits of such
structures were explored under tension and compression in the
substantial deformation domain (Fig. 14). It was noticed that
metamaterials have different behaviors in both axial and trans-
verse directions. This raises anisotropy issues on the metama-
terials due to layer wise depositions, reducing the effectiveness
and uniformity of the metamaterial producing parts that have
rough surfaces and visible layer lines. These parts further
require post-processing that increases the time and costs."*>
Additionally, the metamaterial reaction changes with compres-
sion and tension. These findings exhibit how the form, kind,
and size of the unit cell have a major impact on the metama-
terial reaction."*® Using FDM, biomedical metamaterial devices
like tailored bone implants and prostheses with tailored por-
osity and mechanical qualities that closely mirror those of
natural bone, by including various cell types, especially shear
cells into the design."** Research was conducted on the failure
mechanism, absorption of energy, and multi-hit potential of
polymer FDM manufactured meta-sandwich

composed of isomax, octet, cubic, and auxetic cells.

structures
132

5 Potential trends, challenges and
solutions

Overall, this review reiterates to the fact that metamaterials
have been widely used in the field of biomedical engineering in
comparison to any other field. However, it is important to note

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that metamaterials may pose a certain set of challenges based
on their properties and structural complexity. This section
summarizes the potential future applications of the metama-
terials, the challenges that may occur and ways to overcome
these challenges (Table 3).

e Biomedical metamaterials tend to heavily rely on AI and
machine learning for specific applications that require fine
tuning. These tools could not only predict the mechanical
properties such as stiffness, strength, etc., but also optimize
them. This way, development of personal medical devices and
implants is hugely possible.

e The current AM techniques implemented for the manu-
facture of biomedical metamaterials enable intricate and
complex designs. However, scaling up production with high
resolution and repeatability has been quite challenging. Future
trends point out the incorporation of more robust and multi-
functional 3D printers that could produce batches of biomater-
ials that have consistent mechanical properties and minimal
deficiencies.

¢ Biomaterials are more embedded into healthcare and as a
result, it is important that they remain compatible and avoid
any kind of adverse reactions with the bodily fluids. There has
been an increasing demand to include biomaterials that are
more environmentally friendly with their manufacturing pro-
cesses addressing sustainable concerns, while keeping their
performance at top priority in biomedical applications.

e Metamaterials could be optimized through lightweight
and optimized designs by using reduced material and energy
consumption during manufacturing processes. This could
potentially be overcome through advanced 3D printing techni-
ques such as multi-material 3D printing and fused deposit
modelling (FDM), which focus on minimizing waste material
generation during fabrication. These types of innovations will
ensure sustainability of the metamaterial without compromis-
ing on the mechanical properties of the metamaterials.

e Biomedical applications must withstand varying mechan-
ical loads with longer periods. Future research must focus on
optimizing properties such as elasticity, stiffness and tough-
ness, ensuring that these perform reliably in critical applica-
tions such as load bearing implants and scaffolds.

e The present production costs that are used for metamater-
ials are high with limited accessibility. The implementation of
more cost-effective manufacturing techniques that can opti-
mize material usage is crucial, so that these materials could be
adapted in the biomedical field, making improved treatments
with affordability.
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