Smart Materials in Medicine 7 (2026) 494-513

KeAi

Contents lists available at ScienceDirect St
Materials in
Medicine

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Smart Materials in Medicine

journal homepage: www.keaipublishing.com/en/journals/smart-materials-in-medicine/

A review on the auxetic materials and their applications in )

Check for

biomedical engineering

Qiang Gao?, Yang Zhou®", Zhou Li®%"

@ School of Mechanical Engineering, Southeast University, Nanjing, 211189, China

Y School of Mechanical and Automotive Engineering, Anhui Polytechnic University, Wuhu, 241000, China

€ Vita Tech Innovation Center, Tsinghua Changgung Hospital, School of Clinical Medicine, Tsinghua University, Beijing, 100084, China
4 School of Biomedical Engineering, Tsinghua University, Beijing, 100084, China

ARTICLE INFO ABSTRACT

Keywords:

Negative Poisson's ratio
Auxetic materials
Biomedical engineering
Medical devices

Over the past decade, auxetic materials have garnered significant attention due to their unconventional me-
chanical characteristics. Researchers have proposed multitudinous auxetic materials with improved mechanical
properties by designing their core microcells. These advanced auxetic materials exhibit broad application
prospects in fields such as transportation, civil engineering, aerospace, biomedical engineering, etc. This review
focuses on the latest progress of auxetic materials in the biomedical field. The basic types, improvements, and
mechanical properties of auxetic materials are introduced first. Then, the applications of auxetic materials in
biomedical engineering are systematically reviewed, including stents, bone implants, tissue engineering, organ
patches, and biomedical sensors. It can be summarized that auxetic materials have provided significant support
for biomedical engineering from structural mechanics and biomechanics. Finally, several future outlooks for
utilizing auxetic materials in biomedical engineering are discussed to promote the further development of
auxetic biomedical devices.

Biomedical sensors

1. Introduction

Metamaterials are artificially designed structures [1,2]. Unlike nat-
ural materials, metamaterials get their traits from core microcells. These
microcells endow metamaterials with physical properties that natural
materials cannot match [2-4]. Due to their subversive design mecha-
nism, metamaterials have expanded beyond electromagnetics to diverse
fields such as optics [5], acoustics [6], thermodynamics [7,8], and me-
chanics [9-12]. As one of the extensively studied mechanical meta-
materials, auxetic materials are characterized by their unique negative
Poisson's ratio (NPR) deformation properties, i.e., transverse expansion
under uniaxial tension [13-16], as shown in Fig. 1. Since the first
fabrication of NPR foam in 1987 [17], various studies on auxetic ma-
terials have been carried out successively [18-24].

Common artificial auxetic materials include Re-entrant structures
[25-30], chiral structures [31-34] and rotating polygon structures
[35-37] et al. Due to their unique deformation characteristics, auxetic
materials are proven to have a higher shear modulus [38], increased

indentation resistance [39], and enhanced energy absorption capacity
[40], when compared with traditional positive Poisson's ratio (PPR)
materials. Accordingly, auxetic materials have been widely used in
various engineering application scenarios, including transportation
[41], civil engineering [42], aerospace [43], and biomedical engineer-
ing [16,44-46]. Especially, recent attention to the application of auxetic
materials in biomedical engineering has significantly increased.
Compared with other engineering fields, the application of auxetic
materials in the biomedical field has unique requirements and chal-
lenges. In transportation and civil engineering, Re-entrant honeycomb
structures are widely used in protective equipment and seismic design
due to their excellent energy absorption and impact resistance [41,42];
the aerospace sector tends to prefer chiral or rotating polygon structures
to achieve lightweight and curvature adaptability [43]. In contrast,
biomedical applications (such as scaffolds and organ patches) demand
higher flexibility, biocompatibility, and dynamic deformation adapt-
ability of materials, and therefore tend to favor modified Re-entrant,
chiral-hybrid, or hierarchical structures. These structures can maintain
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Fig. 1. Deformations of the PPR material and the NPR material.

a negative Poisson's ratio effect at low modulus while reducing stress
concentration on surrounding biological tissues [16,44-46]. Most
biomedical studies remain at the conceptual or in vitro stage. Clinical
translation needs to be accelerated. For instance, stents designed based
on the auxetic structure can exhibit a compact form during trans-
portation. They expand radially and axially upon reaching the lesion
site, effectively preventing incomplete tissue coverage [21,47]. When
employed in tissue engineering scaffolds, auxetic materials not only
demonstrate exceptional mechanical properties but also enhance cell
proliferation under external loads [48-51]. Besides, the special defor-
mation of auxetic materials makes them particularly adaptable to the
dynamic deformation of organs, promoting them to be well applied in
organ patches [52-54]. Therefore, considering the wide focus on auxetic
materials and their broad prospects in biomedical engineering, it is
necessary to review the relevant research progress.

Several researchers have endeavored to review the auxetic materials
and their applications in the field of biomedical engineering. For
instance, Balan et al. [14] comprehensively examined the futuristic
auxetic structures, manufacturing techniques, fabrication materials, and
potential future applications of the auxetic materials. Li et al. [15]
comprehensively reviewed and categorized the mechanical design
methodologies for the auxetic materials exhibiting both soft and stiff
mechanical properties. Lvov et al. [55] conducted a comprehensive re-
view of biomedical applications of auxetic materials, encompassing
prosthetics, orthotics, ergonomic appliances et al. Shirzad et al. [48]
reviewed the applications of the auxetic materials in bone medical de-
vices. Sun et al. [56] carried out a comprehensive review on auxetic
biomedical metamaterials in orthopedic surgery. Their work systemat-
ically summarizes typical structural configurations and highlights their
applications in joint, spinal, trauma, and sports medicine. It emphasizes
the great potential of auxetic materials in orthopedic clinical solutions.
Shukla et al. [44] reviewed the applications of auxetic materials and
auxetic textiles in medical engineering. Jiang et al. [57] reviewed the
applications of additive manufacturing auxetic structures in orthopaedic
implants, scaffolds, tissue engineering, and other fields. However, the
existing literature lacks coverage of advanced biomedical engineering
fields, especially the popular organ patches and biomedical sensors. This
article provides a unique incremental contribution in the systematic
coverage of emerging organ-on-a-chip and sensor subfields. A more
comprehensive review of the application of auxetic materials in
biomedical engineering needs to be further developed.

To sum up, this review first introduces the latest research progress on
auxetic materials, encompassing their types, improved structural con-
figurations, and corresponding mechanical properties. This review also
highlights commercially promising applications. These include self-
expanding vascular stents, patient-specific bone implants, smart car-
diac patches, and wearable biosensors. These examples underscore the
significant potential of auxetic materials to transition from laboratory
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innovation to tangible medical products, addressing critical clinical
needs. Compared with existing reviews (Lvov et al. [55]; Shukla et al.
[44]), this work focuses on the integration of structural
design-mechanical performance-clinical demand. Especially, on the
basis of mechanical properties, the work maps these mechanical traits
directly to unmet clinical needs: radial support and anti-shortening for
vascular stents, stress-shielding reduction for bone implants, conformal
dynamic fit for organ patches, and high sensitivity for biomedical sen-
sors. By quantifying structure-performance-demand relationships, this
review provides clear design guidance. It thus bridges fundamental
research and translational medicine and offers a practical reference for
developing clinically oriented auxetic biomedical devices.

2. Auxetic materials

Two key concerns for auxetic materials are mechanical property
enhancement and microcell-macroscopic mechanics relationships. The
former mainly relies on innovative structural design, and the latter
usually requires research about the mechanical properties by analytical,
numerical, and experimental methods. Given this, this section mainly
focuses on the types, improvements, and mechanical properties of the
auxetic materials.

2.1. Types of the auxetic materials

As seen in Fig. 2(a), the Re-entrant hexagonal structure is a typical
artificial auxetic material. This structure undergoes a change when
subjected to tension. By adjusting the wall angle of a regular hexagonal
honeycomb, the walls rotate outwards, causing the entire structure to
expand. Gibson et al. [58] first investigated the in-plane elastic me-
chanical properties of Re-entrant hexagonal honeycombs, subsequently
inspiring numerous scholars to explore innovative variations of this
structural design [59-65]. In addition to the Re-entrant hexagonal
structure, other Re-entrant auxetic structures such as double-arrow
structure [66-68] and star-shaped structure [69-71] have also been
developed and studied by leveraging the Re-entrant mechanism.

Chiral structures are also a common type of auxetic materials, as
shown in Fig. 2(b). The term "chiral" was originally used to describe an
object that cannot coincide with its mirror image. Lakes [72] first pro-
posed that chiral hexagonal microstructures exhibit an auxetic effect.
The basic cell element of chiral structures is obtained by connecting a
flexible straight beam to a central rigid node along the tangent direction.
The mechanism of their NPR effect is that when the structure receives
lateral load, the rigid nodes rotate under load, which drives the longi-
tudinal beam to contract. By adjusting the number and tangential di-
rection of tangential beams, tri-chiral structure, tetra-chiral structure,
and anti-chiral structure, etc. are also developed [73].

In addition, rotating polygon structures are a widely studied class of
auxetic materials, as shown in Fig. 2(c). These structures originate from
the explanation of NPR deformation in natural crystal materials, where
square lattices are interconnected through hinges. Under lateral
compression, the hinges at the connections rotate to close internal gaps,
resulting in longitudinal contraction. Building upon this concept, Grima
et al. [37] designed a rotating quadrilateral auxetic structure by equal-
izing its side lengths, thereby achieving an isotropic negative Poisson's
ratio with a constant value of —1. By varying the internal polygons used,
one can obtain rotating triangle structures, rotating double square
structures, and so on [74]. Apart from these aforementioned designs, the
auxetic materials also include origami structures [75,76] and perforated
board structures [77,78]. As shown in Table 1, the Poisson's ratios and
relative Young's moduli of the unit cells of traditional auxetic materials
exhibit distinct differences. This can directly reflect the core mechanical
properties of different structures. All quantitative parameters in the
table are derived from the experimental or numerical simulation results
of the corresponding studies, providing a quantitative reference for the
selection and performance comparison of auxetic structures.
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Fig. 2. Geometric configurations of the Re-entrant structures, chiral structures, and rotating polygon structures.
Table 1 compressive strength. Harkati et al. [100] conducted a parameterized
able

Comparison of typical unit cells and quantitative parameters for traditional
auxetic materials.

No.  Unit Cell Geometry Statistical data Ref.
v E/Es
1 Re-entrant hexagonal structure [-2.0, —0.5] 6.93x 1072 [58]
2 Re-entrant double-arrow -1.25 [0.1,11x1072 [68]
structure
3 Re-entrant star-shaped structure —0.37 [0.1, 1]1x1072 [71]
4 Trichiral structure [-0.8, —0.3] 0.44 x 1072 [79]
5 Anti-trichiral structure [-0.1, 0.08] [3.8, 4.1]x [73]
1074
6 Anti-tetrachiral structure [-1.6, [0.1, 1] x 1072 [73]
—0.55]
7 Rotating rectangular structure -1.0 [0.1, 5]1x107! [36]
8 Rotating triangle structure -1.0 [0.1, 3] %1071 [36]
9 Rotating double square structure [-1.78, 0.43] [0.1,10]x10°3 [74]

Note: "E/Es" is the relative Young's modulus, and "v" is the Poisson's ratio. All
quantitative parameters are derived from experimental or numerical results in
the cited original publications.

2.2. Improved auxetic materials

The significant advantage of mechanical metamaterials lies in the
ability to obtain enhanced mechanical properties by constructing novel
basic cells. By innovating the design of internal structural cells, a large
number of improved auxetic materials have been proposed in recent
years [19]. For instance, by the design of the cell walls, the stiffness and
strength of the traditional auxetic materials can be well improved [18,
20,59-65,80-99]. As shown in Fig. 3(a), Qi et al. [62] designed a new
type of Re-entrant arc structure by replacing the inclined cell wall with a
double arc cell wall, and studied its quasi-static compressive strength
and deformation mode through numerical, experimental, and theoret-
ical methods. The results indicate that the new design has a higher
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study on the in-plane elastic mechanical properties of a multi-fold
Re-entrant auxetic structure, as shown in Fig. 3 (b). Further, they pro-
posed a multi-fold Re-entrant honeycomb structure with circular cell
walls by improving the structure and found that the new structure has a
high in-plane shear compliance and customized anisotropy, as shown in
Fig. 3 (c) [101]. Zhang et al. [102] designed a new vertical strut com-
bined Re-entrant structure, as shown in Fig. 3(d), which is confirmed to
have a higher NPR effect and anisotropic performance. Liu et al. [103]
proposed a novel zero Poisson's ratio honeycomb structure based on the
star-shaped structure, as shown in Fig. 3(e), and studied the in-plane
elastic mechanical properties of the structure. Ren et al. [104] pro-
posed a multiple Re-entrant star-shaped honeycomb as shown in Fig. 3
(f) and studied its dynamic performance.

In addition to improving the microcell structure, hierarchical design,
and gradient design are also commonly used design strategies. As shown
in Fig. 3(g), Tan et al. [105] proposed a novel hierarchical structure by
using triangles to fill the Re-entrant cell walls, and the results showed
that the proposed hierarchical structure has superior dynamic
compressive stress. Sun and Pugno [106] designed a novel layered
honeycomb structure by replacing the cell walls with Re-entrant cells, as
shown in Fig. 3(h). As shown in Fig. (i), Wu et al. [107] designed a novel
gradient Re-entrant honeycomb structure by adjusting the Re-entrant
angle, and found that this new structure may be beneficial for the en-
ergy absorption performance.

2.3. Mechanical properties of auxetic materials

Studying the tensile mechanical properties of materials usually in-
volves two objectives. First is to explore the basic elastic constants and
deformation modes of materials. Second is to reveal how cell structure
determines the performance. In the biomedical field, design goals usu-
ally include: (1) improving strength and energy absorption while
maintaining a significant negative Poisson's ratio (NPR, ideally < -0.5);
(2) achieving excellent bending adaptability (dome-shaped mode) to
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Fig. 3. Improved auxetic materials: (a) A Re-entrant arc structure proposed by Qi et al. [62]; (b) A multi-fold Re-entrant auxetic structure proposed by Harkati et al.
[100]; (c) A multi-fold Re-entrant honeycomb structure with circular cell walls proposed by Harkati et al. [101]; (d) A vertical strut combined Re-entrant structure
proposed by Zhang et al. [102]; (e) A novel star-shaped structure proposed by Liu et al. [103]; (f) A multiple Re-entrant star-shaped honeycomb proposed by Ren
et al. [104]; (g) A hierarchical auxetic structure proposed by Tan et al. [105]; (g) A layered honeycomb structure proposed by Sun and Pugno et al. [106]; A

Re-entrant honeycomb structure proposed by Wu et al. [107].

match the curvature of dynamic organs; (3) balancing stiffness and
flexibility to avoid stress shielding. The following will focus on the key
trade-offs in tensile, compressive, and bending performance, as well as
the impact of structural shape.

Linear elastic mechanical properties are the basic mechanical per-
formance of the auxetic materials, which have been widely valued in
past studies [58,90,108]. Usually, porous structures are regarded as
continuous homogeneous materials, and the equivalent elastic constants
can be calculated by analyzing the deformation of individual cells, such
as Young's modulus, Poisson's ratio, and shear modulus of the structures.

The calculation typically follows a mechanics-of-materials approach,
which involves three key steps: (1) isolating a representative unit cell
(RUC) from the periodic lattice (2) applying simplified boundary con-
ditions (e.g., periodic or symmetric boundary conditions); to simulate
macroscopic loading (tension/compression or shear); (3) establishing
force-displacement relationships for the cell walls (often treated as
beams) under these loads, and then homogenizing the results to obtain
the effective constitutive properties of the bulk material.

For instance, a fundamental analytical model for the in-plane elastic
properties of a re-entrant honeycomb (Fig. 2(a)) was established by
Gibson et al. [58]. By considering the flexural and axial deformations of
the inclined (length 1, angle 6) and vertical (height h) struts under uni-
axial stress, the equivalent Young's moduli (Ex*, Ey*) and Poisson's ratios
(vxy*, Vyx*) can be derived. The Poisson's ratio vxy*(for loading in the
x-direction) is given by:
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€8]

This equation clearly shows that a negative Poisson's ratio (vxy*< 0)
is achieved when the geometry satisfies h/1 > |sin6|, which is charac-
teristic of the re-entrant shape. The corresponding Young's modulus in
the x-direction is approximated by:

Vy* = — (h/1+sin @)sin 0/ (cos2 6)

E, = E(1/1)’* [cos @ / (h/ 1+ sin @)sin” 0] 2)
where E; is the Young's modulus of the solid base material, and t is the
thickness of the cell wall. These equations provide a practical tool for
preliminary design, illustrating how the NPR and stiffness are directly
controlled by the RUC's geometric parameters (h, 1, 6, t).

Prall and Lakes [79] conducted theoretical modeling and experi-
mental research on the in-plane Young's modulus and Poisson's ratio of
chiral structures. They found that the Poisson's ratio of the structure
remains —1 over a large strain range. Gao et al. [109] studied the elastic
mechanical properties of the three-dimensional double arrow structure
by considering the interaction between adjacent cells. Alderson et al.
[110] studied the bending deformation modes of hexagonal honeycomb
structures, Re-entrant honeycomb structures, and chiral honeycomb
structures using the finite element model. The results showed that the
bending modes of honeycomb materials are directly related to their
in-plane Poisson's ratio. When subjected to an out-of-plane bending
load, the material will produce transverse curvature. For the PPR
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materials, the transverse curvature is opposite to the direction of the
bending principal curvature, exhibiting a saddle-shaped deformation
mode, as shown in Fig. 4(a). For the NPR materials, the transverse
curvature is the same as the bending principal curvature direction,
exhibiting a dome-shaped deformation pattern, as shown in Fig. 4(b).
Zhou et al. [23] also obtained similar results when studying a novel
Re-entrant structure with improved flexibility by the analytical, nu-
merical, and experimental methods.

The nonlinear mechanical properties of the auxetic materials under
large deformation loads have also been widely studied [111]. Zhou et al.
[22]proposed a novel Re-entrant combined-wall honeycomb and stud-
ied its quasi-static compression properties by numerical and experi-
mental methods, as shown in Fig. 5(a). Alomarah et al. [112]conducted
numerical simulation and experimental research on the nonlinear ten-
sile mechanical properties of Re-entrant hexagonal structure, as shown
in Fig. 5(b). Jiang et al. [28] conducted numerical analysis on the
quasi-static in-plane compression behaviors of the Re-entrant structure
and conducted corresponding experimental studies based on 3D printed
samples. Their results showed that the deformation process of the
structure was clearly divided into two stages, and the corresponding
stress-strain curves also showed two plateau regions. The existing
studies on the mechanical properties of the auxetic materials promote a
further understanding of how microcell structures determine the
macroscopic mechanical properties, and provide some theoretical
guidance for their further engineering applications and optimized de-
signs. For clarity and comparison, Table 2 provides a summary of some
advanced auxetic materials and their respective characteristics.

Many of the auxetic designs in this review rely on additive
manufacturing technologies, which provide high-precision control of
complex unit cells, something that is difficult to achieve with traditional
methods. Emerging 4D printing, by incorporating time-responsive ma-
terials (such as shape memory materials), adds a dynamic dimension,
allowing printed structures to undergo post-processing deformation in
response to environmental stimuli (such as temperature or pH). This is
particularly relevant to biomedical applications that require deployable
or adaptive devices and will be further discussed in the future outlook.

3. Application of auxetic materials in biomedical engineering

The abnormal deformation characteristics and excellent mechanical
properties of auxetic materials have aroused widespread interest in the
field of biomedical engineering. Over the past few years, these materials
have demonstrated positive outcomes in various advanced applications,
such as flexible electronics, wearable sensors, etc. This section system-
atically reviews these applications, following a logical progression from
internal implants to external devices, highlighting how auxetic proper-
ties address specific biomedical challenges in each area. The applica-
tions are discussed in the order of stents (vascular and tracheal), bone
implants, tissue engineering scaffolds, organ patches, and finally,
biomedical sensors. Besides, Figs. 3-7 show detailed summaries of the
corresponding application research for clarity.

3.1. Stents

This subsection reviews auxetic stent designs by first addressing their

() (b)

e

Fig. 4. (a) Bending deformation of the PPR structure; (b) Bending deformation
of the NPR structure [110].
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mechanical performance improvements, then their biomechanical in-
teractions with vessels, and finally their extension to tracheal applica-
tions. Vascular stents are a type of common interventional medical
device, which are widely used to treat cardiovascular diseases related to
atherosclerosis [124,125]. Compared with other treatment methods,
stent implantation has advantages such as minimally invasive, stable
support, and low restenosis rate. However, there are still complications
such as in-stent restenosis (ISR) and stent thrombosis (ST) with stents
[113,126,127]. In recent decades, scientists have conducted extensive
research to improve the safety of stent intervention and reduce the
incidence of complications [128-130]. Among them, the mechanical
properties of the stent are given special attention. Stents with weak
mechanical properties may cause insufficient expansion, malapposition,
fatigue fracture, and vascular injury, threatening long term safety
[131-133].

Considering the mechanical issues mentioned above, the use of
auxetic materials could be a viable solution [21,47,120,122,123,
134-137]. The NPR deformation behavior of the auxetic stent over-
comes the axial shortening issue of traditional stents, significantly re-
duces the transportation volume of stents, and improves the positioning
accuracy during stent expansion [47]. Moreover, due to the unique
out-of-plane bending curvature of the auxetic structure, it helps to
alleviate the "dog bone" effect in the traditional stent expansion process
[138]. Wang et al. [138] designed two forms of stents using different
connection structures in 2006 and conducted numerical simulations on
the expansion behavior of the stents under balloon expansion. They
found that adjusting the connection structure of the stents can improve
their dog bone effect and axial shortening effect. Han and Lu [139] also
designed a group of PPR/NPR stents by adjusting the stent connection
structure, and developed a gradient Poisson's ratio stent. Numerical and
experimental results showed that the structure can fit well with curved
arterial vessels after expansion. Alomarah et al. [134] proposed two
types of Re-entrant chiral auxetic stents and systematically studied their
mechanical characteristics. Asadi et al. [119] proposed and studied a
type of chiral auxetic stents, which have been considered to have
excellent NPR mechanical properties, as shown in Fig. 6(a). Xiao et al.
[120] proposed the design and manufacturing strategy of thin-walled
composite cardiovascular stent based on high-resolution projection
micro-stereolithography (PuSL) 3D printing and metal thin film depo-
sition, as shown in Fig. 6(b). They found that the proposed composite
stent can significantly enhance the radial compression of the stent.
Gupta and Meena [121] analyzed a novel double-arrowhead auxetic
stent, which is expected to improve the mechanical properties of tradi-
tional stents, as shown in Fig. 6(c). Results showed that the proposed
stent possesses reduced radial recoil property and completely avoids the
foreshortening problem.

In addition to mechanical properties, scholars also pay attention to
the biomechanical properties of the stent [140-142]. Stents implanted
as foreign objects can generate high mechanical stress on the intima and
media of blood vessels and trigger inflammatory reactions, thereby
promoting reendothelialization of blood vessels. However, severe
vascular injury may lead to continuous thickening of the intimal layer,
resulting in restenosis within the stent [133,143]. Therefore, it is of
great significance to study the biomechanical properties of stents and
arteries. Wu et al. [122] proposed a type of anti-chiral stent and its hi-
erarchical structures, as shown in Fig. 7(a). They first analyzed the
in-plane mechanical properties of the stents by experimental and
analytical methods. Further, they established the stent-artery coupling
model to clarify the deformation of the proposed stent during the
stenting process. Ruan et al. [123] proposed a novel chiral stent with
zero/negative Poisson's ratio by combining the tetra-chiral element and
the oscillating wave element, as shown in Fig. 7(b). The mechanical and
biomechanical properties of the stent are systematically studied. Zhou
et al. [21] proposed an improved hybrid auxetic structure by adding
arrow-shaped and snake-shaped structures to the Re-entrant structure,
and accordingly developed a novel self-expanding stent. They first
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Re-entrant hexagonal structure [112].

analyzed the in-plane elastic properties of the auxetic structure and the
stent. Further, they discussed the biomechanical properties of the
Re-entrant stent and the proposed novel hybrid auxetic stent, including
the displacement and stress damage of different arterial layers.

In addition to vascular stents, auxetic materials have also achieved
positive application in tracheal stents. As a primary therapeutic
approach, tracheal stent therapy is believed to be a substitute for sur-
gical treatment of tracheal tumors. However, the mechanical properties
of existing structures and materials make it difficult to meet the actual
needs of the trachea, including high radial support and little migration
motion [144,145]. Therefore, some groups proposed to use the auxetic
material to improve the mechanical properties of the traditional tracheal
stents. Liu et al. [146] proposed a novel flexible porous chiral auxetic
tracheal stent based on the tetrachiral and anti-tetrachiral hybrid unit
structure, as shown in Fig. 8. The simulation and the experiment results
demonstrate that the auxetic tracheal stent shows NPR characteristic
over a large strain range and flexibility similar to the native trachea.
Besides, the porous structure of the stent can well promote cell adhesion.
Table 3 shows the summary of the application of auxetic materials on
stents.

Although NPR stents perform well in radial expansion, reduced axial
shortening, and mitigation of the dog-bone effect, most studies are still
limited to simulations, in vitro tests, and short-term experiments. Long-
term in vivo fatigue, anti-thrombosis, and endothelialization data are
lacking. Key assumptions include idealized balloon expansion and uni-
form arterial walls, whereas real clinical scenarios involve patient-
specific plaques, curvature, and pulsatile loads. Clinical benchmarks
for commercial nitinol stents (such as radial strength >0.2 N/mm, fa-
tigue life >10"7 cycles under physiological pulsation, <10% restenosis
rate within 1 year, and <1% thrombosis incidence) have seldom been
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directly compared. Moreover, the potential inflammatory risks of
degradation products from degradable variants have not been
adequately assessed. Clinical translation requires multicenter random-
ized controlled trials, combined with patient-specific imaging (e.g.,
CTA) to optimize design, and compliance with FDA/ISO 10993
biocompatibility standards.

3.2. Bone implants

This section presents auxetic bone implants following a progression
from large-scale joint replacements to smaller fixation devices. Bone
implantation is a routine surgical procedure employed for the repair or
replacement of damaged or missing bone tissue [48,148-150]. Typi-
cally, bone-implanted devices are fabricated from titanium alloy and
stainless steel. However, implants made from these high-strength alloys
may exhibit poor compatibility with native tissues, considering that the
implants usually have a limited deformation capacity and bear the
majority of applied loads [151,152]. This phenomenon of stress
shielding can give rise to significant complications, including interface
instability, adverse bone resorption, and chronic pain. The use of porous
materials can effectively avoid this stress shielding, while it can make
the implant have poor strength. The contradiction between biocom-
patibility and structural strength may be well adjusted by the intro-
duction of the auxetic material [153]. It is considered that the auxetic
material has good indentation resistance and energy absorption, which
can effectively improve the load-bearing capacity of porous bone
implants.

Total hip arthroplasty (THA) is one of the most popular bone implant
surgeries. During the surgery, surgeons will perform surgical excision of
damaged hip joint tissues and bones, followed by implantation of
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Table 2
Novel auxetic materials and their characteristics.
Types No. Geometries Unit Cell Geometry Improvement Ratio Ref.
E c
Adding or changing cell walls 1 Re-entrant with narrow rib +150% - Lu et al. [95].
2 Re-entrant with vertical rib +340% - Li et al. [91].
3 % Re-entrant with rhombic embedding + [50,113]1% - Fu et al. [93].
4 ﬂ Re-entrant with inclined walls [30,50] times - Baran et al. [92].
5 ﬂ Re-entrant with circular wall 4.4 times 4 times Tatlher et al. [87].
6 % Re-entrant with hexagonal substructures - 2 times Zhou et al. [22].
7 % Re-entrant with double arcs - 2 times Qi et al. [56,58].
8 %’L Re-entrant with arrow-snake structures E(y): +36%; E(x): —57% - Zhou et al. [21].
9 % é Diabolo shaped honeycomb 2.4 times 1.8 times Liu et al. [114].
10 % Multi-arc re-entrant auxetic honeycomb 1.25 times - Xu et al. [115].
11 : Star-shaped with triangular walls - +109% Wei et al. [85,86].
12 : Star-shaped with double-inclined walls - +180% Lu et al. [80].
13 : tar-shaped with strengthening walls + [20,113]1% - Xu et al. [88].
i i 1 A 1 1 - 0 -
Hierarchical design 1 ﬁ ﬁ z Vertex-based hierarchical Re-entrant + [80,116]% Shen et al. [117].
2 Hexagonal-substructure Re-entrant - +108% Tan et al. [105].
3 Triangle-substructure Re-entrant - +298% Tan et al. [105].

(continued on next page)
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Table 2 (continued)

Types No. Geometries Unit Cell Geometry Improvement Ratio Ref.

E c

Functional gradient

Angle-graded Re-entrant - + [10,201% Wu et al. [104].

s
L B )

Gradient multi-arc Re-entrant - - Xiao et al. [118].

Note: E is the Young's modulus, and o is the crushing stress. The improvement is calculated based on the comparison of the material properties before and after
optimization in the original publications. The compressive stress here is calculated under quasi-static or low-speed conditions, and the results under high-speed
condition are not considered.

(b) (©)

Polymer core
Au thin film
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Fig. 6. Applications of the auxetic materials in vascular stents. (a) Geometric configuration of the hexachiral structure proposed by Asadi et al. [119] and the tensile
test of the corresponding stent; (b) Manufacturing process and the geometric configuration of a thin-walled 3D-printed composite cardiovascular stent proposed by
Xiao et al. and its partially enlarged SEM image [120]; (c) Geometric configuration of a double-arrowhead auxetic stent proposed by Gupta and Meena [121], and the
analysis of radio force and crimping deformation.
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Fig. 7. Vascular stent-artery coupling modeling. (a) Geometric configuration of the anti-tetrachiral auxetic stent proposed by Wu et al. [122] and the stress and
deformation of the corresponding stent-artery coupling model; (b) Geometric configuration of the chiral constrained structure proposed by Ruan et al. [123] and the

tissue stress in the stent-artery coupling model.
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Fig. 8. Auxetic tracheal stent proposed by Liu et al. [146]. (a) Application scenario; (b) Processing technique of the auxetic tracheal stent; (c) Anti-migration force of
the auxetic tracheal stent; (d) Immunofluorescent staining for differentiated NHBE cells.

artificial hip joint components composed of materials such as metallic
alloys or biocompatible polymers [154]. Ghavidelnia et al. [155] pro-
posed a graded Poisson's ratio hip implant. They compared it with three
other structures, as shown in Fig. 9(a). The results revealed that all the
implants exhibited appropriate micromotion ranges, while those with
NPR effect and graded Poisson's ratios demonstrated a more compatible
and uniformly distributed micromotion at critical regions. Their
research further proves that NPR materials can adjust the stress shield-
ing of bone implants. Garner et al. [156] proposed a computational
method to develop patient-specific bone implants, as shown in Fig. 9(b).
In their research, the involved micro-architecture has a wide range of
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mechanical properties. By optimizing the micro-architecture parameters
within the entire space, the interface incompatibility issue has been
significantly improved. Kolken et al. [157] also proposed a novel
concept of hybrid meta-biomaterials to improve the interface between
the implant and the bone tissue, as shown in Fig. 9(c). Their research
further demonstrates the prospect of innovative construction of micro-
cells in improving the stress distribution of bone implants. Besides,
auxetic materials also show promising prospects in custom hemipelvic
prostheses. Tan et al. [158] developed 3D-printed custom hemipelvic
prostheses with Re-entrant chiral auxetic structures. The prostheses
achieve 75% porosity while ensuring mechanical stability, significantly
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Table 3
Summary of the application of auxetic materials on stents.
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Configurations Characteristics

Quantitative indicators Ref.

@Proposing a novel anti-tetrachiral stent and its hierarchical structure based on the

chiral structure;
properties of the proposed stents;

the auxetic stents.

Polymer core
Au thin film
Ja

the orthogonal direction;
honeycomb;

honeycomb.

its radial strength and radial recoil;

foreshortening issue of the stent.

flexibility, and cell differentiation.

@®Developing a concurrent topological optimization method;
@Proposing a novel auxetic stent based on the obtained;
@Performing a numerical validation on the self-expanding stent.

@Proposing a design and fabrication method of the composite stent;
@Performing experimental studies on the radial compression and biocompatibility;
@ Verifying the sufficient compressional capacity of the stent.

@Proposing a novel Re-entrant chiral hybrid honeycomb with enhanced anisotropy in

@Studying the mechanical properties of a novel double-arrow auxetic stent, including

@Verifying the improved strength, reduced radial recoil and eliminated the

@Designing a novel chiral porous tracheal stent;
@Studying the tensile and radial compressional properties, and cell differentiation;
@ Verifying the sufficient service performance, including ideal anti-migration, bending

v [-5, —1] Wu et al. [122]

@Studying the in-plane mechanical properties and the stent-artery mechanical

@Illustrating the stable NPR deformation and the significant application prospects of

v: —0.8 Xue et al. [47]

Radial stiffness:
improvement: 70%;
Radial compression
resistance: 35%.

Xiao et al. [120]

@Deriving and verifying the analytical models of the elastic constants of the hybrid

@Studying the compressional properties of the stent designed based on the

v: [-10, 0] Chen et al. [147]
v: —16.9; Gupta and Meena
RS: 7.26 N/mm; [121]

CR: 3.78%.

v: close to 0 Liu et al. [146]

Note that the v is Poisson's ratio; RS is the radial strength; and CR is the crimping recoil.

improving bone ingrowth and MSTS-93 scores. Meanwhile, 3D-printed
hemipelvic prostheses with auxetic porous structures have also been
clinically verified, as shown in Fig. 9(d). Their work provides a new
solution for complex pelvic tumor resection and reconstruction [159].

Apart from the hip arthroplasty, auxetic materials have been used in
bone screws. Bone screws, usually made of metal, are used to stabilize
and fix the fractured bone [160]. A well-designed bone screw should be
stable under various loads, while in clinical practice, screw loosening
remains a common poor prognosis [161]. Accordingly, some researchers
proposed using auxetic materials to enhance the screw-bone fixation.
Yao et al. [162] proposed a group of novel auxetic bone screws based on
the Re-entrant structures, chiral structures, and rotating structures, as
shown in Fig. 10(a). Through the numerical simulation and experiment,
the tensile properties of the bone screws were studied, and the results
showed that the bone screw based on the Re-entrant hexagonal structure
has the largest stiffness and strength. Further, Yao et al. [163] carried
out a parameter optimization to adjust the structure of the microcell for
a better pulling stiffness, as shown in Fig. 10(b). Their research shows
that auxetic materials have a positive effect on bone screws; and the
adjustment of micro-cell structures is of great significance for improving
the mechanical properties of bone screws. Table 4 shows the summary of
the application of auxetic materials on bone implants.

Negative Poisson's ratio bone implants effectively alleviate stress
shielding and improve interface micromotion, but most studies are nu-
merical optimizations or in vitro tensile tests, lacking long-term bone
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integration and load-bearing data in large animal models [155,156].
The main assumption is uniform bone density, whereas clinical osteo-
porosis or defects exhibit significant variability. Although the bench-
mark modulus (0.1-4.5 GPa) and Poisson's ratio (0.2-0.3) of human
cancellous bone partially match, the risk of stress shielding with bone
resorption rates >20% after implantation still needs to be quantified
compared to commercial titanium alloy implants (bone integration rate
>90%, 10-year survival rate >95%). Fatigue fracture, loosening, and
infection risk assessments are insufficient. Future work should conduct
prospective clinical trials, combine patient bone density scans for
personalized designs, and meet ISO 10993 long-term implantation
standards.

3.3. Tissue engineering

Tissue engineering is usually defined as an interdisciplinary field that
combines cell biology, materials science, and engineering technology.
Its aim is to construct tissues or organs in vitro or in vivo and to restore
the normal function of damaged organs [45]. The scaffolds used in tissue
engineering should have good biocompatibility and mechanical prop-
erties to promote cell proliferation. As a promising emerging material,
auxetic material can support tissue engineering in two aspects. First, it is
considered that the structure of materials with the NPR effect may
provide a more suitable surface and mechanical environment for cell
attachment, which may be beneficial for cell proliferation [49-51].
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NPR

Fig. 9. Applications of auxetic materials in bone implants of hip arthroplasty. (a) A hip meta-implant with graded Poisson's ratio proposed by Ghavidelnia et al.
[155]; (b) A parametric micro-architecture and the corresponding 3D titanium hip implant proposed by Garner et al. [156]; (c) A novel bone implant based on the
hybrid meta-biomaterial proposed by Kolken et al. [157]; (d) Workflow for designing a 3D-printed auxetic custom hemipelvic prosthesis [159].

Second, the excellent mechanical properties of auxetic materials enable
them to better simulate the host during in vivo service [164-167]. The
following discussion first focuses on how auxetic scaffolds modulate
cellular behavior at the microscale, and then examines their role in
constructing functional tissues such as vasculature and skin.

The elastic modulus and Poisson's ratio of the scaffolds may signifi-
cantly affect the biophysical properties of the 3-D microenvironment
and accordingly improve cell adhesion and differentiation. Yan et al.
[51] studied the influence of the mechanical properties of the scaffolds
on the modulation of cellular differentiation, in which the auxetic
scaffolds were used for the expansion and neural differentiation of
mouse ESCs and hiPSCs. They fabricated a group of auxetic
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polyurethane scaffolds with Poisson's ratios from 0 to —0.45. Besides,
additional polyurethane scaffolds with a PPR effect were included in the
comparison. By comparison, the auxetic scaffolds were confirmed to
support smaller aggregate formation and higher neuronal marker
expression. Their study demonstrated that adjusting the microstructure
to tune the elastic modulus and Poisson's ratio has the potential to
improve the biophysical properties of the scaffold for tissue engineering.
Tang et al. [50] fabricated and studied aerogels with different Poisson's
ratios, as shown in Fig. 11. The mentioned CNF/PEGDA aerogels were
fabricated by the stereolithography process with the mixture of cellulose
nanofibers (CNFs) and polyethylene glycol diacrylate (PEGDA). By
adjusting the scaffold structure, its Poisson's ratio can be well-tuned
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Fig. 10. Applications of the auxetic materials in bone screws. (a) Geometric configurations and the tensile simulation of the bone screws designed by Yao et al. [162];
Geometric configurations of the bone screw designed by Yao et al. [163], and its SEM image and tensile simulation.

from positive to negative. Different scaffolds with different Poisson's
ratios were compared to analyze their chondrogenic induction charac-
teristics. Their results found that the auxetic scaffolds can well provide a
suitable cell growth condition and affect the proliferation and chon-
drogenic induction of mouse bone marrow mesenchymal stem cells.
Chen et al. [49] developed six NPR polyurethane (PU) foams with
different mechanical properties including Young's modulus and Pois-
son's ratio, and their surfaces were decorated with chitosan or heparin to
obtain an improved cell adhesion. The neural differentiation of human
induced pluripotent stem cells (hiPSCs) on the NPR foams was analyzed.
Their results verified that the mechanical properties related to the form
of pore structures can significantly affect cell differentiation.

The auxetic material can also improve the mechanical properties of
the scaffolds in tissue engineering. Vascular grafts are a type of medical
device used to replace human blood vessels and to maintain normal
blood circulation. Ahn et al. [164] designed a novel additive
manufacturing system and then fabricated an auxetic three-layer
vascular scaffold, as shown in Fig. 12. The intima layer and the adven-
titia layer of the scaffold are made of nanoscale/microsized electrospun
fibers, and the tunica media of the scaffold with auxetic effect is fabri-
cated by the designed printing system. They found that the scaffold with
auxetic effect shows superior flexibility when compared with the PPR
scaffold. Besides, with the auxetic scaffolds, the endothelial cell and the
smooth muscle cell showed better proliferation. Except for vascular
grafts, auxetic materials also have the potential to improve the me-
chanical properties of scaffolds in bone tissue engineering [168,169].
The porous structure of the auxetic material can provide good light-
weight performance, and its NPR effect can also provide an enhanced
energy absorption ability. By adjusting or optimizing the geometric
parameters and the relative density of the auxetic material, the impact
resistance or energy absorption performance of the bone scaffold can be
well improved.

Besides, auxetic materials are also widely used in the treatment of
skin injuries, i.e., used for skin tissue engineering. Traditional skin
transplantation has significant limitations in terms of expansion and is
difficult to apply to large-scale skin injuries. By cutting the skin into a
mesh pattern, the area of the skin graft can be well expanded. Some
research groups have introduced auxetic materials into the skin tissue
engineering to improve the expansion rate of skin grafts [166,167,170,
171]. Gupta et al. [167] proposed eight different incision patterns with
auxetic effect, including RE structures, chiral structures and perforated
panel structures. Uniaxial and biaxial tensile tests were performed to
analyze the deformation and stress of the eight skin grafts. The results
found that the RE structure and rotating triangle structure show
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significantly high expansions. Besides, they also studied a series of
perforated plate structures used for skin grafts [166]. Table 5 shows the
summary of the application of auxetic materials on tissue engineering.
Negative Poisson's ratio scaffolds [49-51] promote cell adhesion,
differentiation, and proliferation, but experiments are mostly limited to
in vitro 2D/3D cultures or small-scale induction, lacking long-term
validation in complex physiological environments. Assumptions are
made about uniform external loads, whereas dynamic stresses and
bodily fluids in vivo have significant effects. Clinical benchmarks
include matching the modulus of natural tissues (cartilage 10-100 MPa,
blood vessels 0.1-1 MPa) and a cell viability rate >90%, yet few current
studies quantify neural/cartilage induction efficiency compared to
commercial collagen scaffolds. Applications for skin expansion (such as
the incision pattern in Gupta et al. [166]) have improved expansion
rates, but risks of healing scars and infections have not been fully
assessed. Translational challenges include large-scale manufacturing
and GMP standards, and future studies require validation of functional
recovery in large animal ectopic/in situ transplantation trials.

3.4. Organ patches

Organ patches typically refer to hydrogel or fabric patches, a type of
biocompatible structure used to repair diseased organs. In a broad sense,
the organ patches belong to the range of tissue engineering. Considering
that organ patches usually refer to a type of special repair tool that fits
closely to the surface of organs, different from vascular or bone scaf-
folds, we will discuss them separately in this section. In the past two
decades, there has been a notable rise in the advancement and utiliza-
tion of organ patches for enhancing the repair and regeneration of
human organs. These patches have been applied to various medical
purposes, including addressing myocardial infarction, cancer, and
chronic wound healing [173-175]. Especially, the organ patches of the
heart and lung have received widespread attention.

Auxetic patches show a dome shaped bending mode, unlike the
saddle shape of conventional materials, enabling better adaptation to
dynamic organs. Cardiac patches are a type of promising medical device
for myocardial infarction [176-178]. The normal PPR material usually
shows a saddle-shaped bending mode, which is difficult to adapt to the
cardiac surface. Considering this point, the auxetic material may have
significant superiority due to its dome-shaped bending mode. Olvera
et al. [53] fabricated a novel cardiac patch that meets the mechanical
characteristics of the human myocardium. The auxetic patches possess
the capacity to accommodate the strains and stresses experienced by the
human myocardium throughout both diastole and systole. Besides, the
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Table 4
Summary of the application of auxetic materials on bone implants.
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Configurations Characteristics

Quantitative indicators Ref.
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i s methods;

@®Designing and comparing six different hybrid meta-biomaterials and corresponding

@Driving the elastic constants of a classic RE auxetic material;
@Comparing three implants by PPR, NPR and graded material;
@Numerical results illustrate that the introduction of auxetic material can alleviate the

@®Designed a novel parametric micro-architected material with highly adjustable

@Proposed a parameter optimization method for alleviating load-induced interface

@Proposed a novel bone screw based on RE structure;
@Studied the pullout mechanical properties by the finite element model;
@Auxetic effect can effectively improve the fixation performance of screws.

@Studied and compared several auxetic bone screws by experimental and numerical

@Auxetic cell shows a great effect on the functional properties of bone screws.

E [30,50]: MPa Kolken et al. [157]

@Conducting simulations and experiments in a biomechanical environment;
@Improving the contact between implants and bones.

Ghavidelnia et al.
[155]

Stress:

PPR: [-11.6, 3.3]'10° Pa;
NPR:[-6.0, 14]'10° Pa;
Graded: [-3.5, 2.3]'10%Pa.

@The proposed graded lattice material shows the best local stress performance.

Interface risk:
Solid: 5.85;
Optimized lattice: 5.08.

Garner et al. [156]

@Performing a parameter optimization in a specific hip implant.

Pullout forces: [1000,
1200]N.

Yao et al. [163]

Pullout forces:
Low-density bone: about
350N;

Mid-density bone: about
400 N;

High-density bone: about
1000 N.

Yao et al. [162]

mechanical properties of the cardiac patch can be fine-tuned to reflect
anisotropy for better adaptability. How to enhance the dynamic me-
chanical properties of the patch structures is also one challenge of organ
patches. Chansoria et al. [52] designed a double-layered, hydro-
gel-based patch platform that is expected to meet the auxetic and
anisotropic features of the human dynamic organs, as shown in Fig. 13
(a). Combining the computational and experimental methods, they ob-
tained a design law for improving the organ patch to suit the dynamics of
the human organs. The in vitro and in vivo experiments proved that the
auxetic patches have superior dynamic performance. Kapnisi et al. [54]
designed a novel cardiac patch using the Re-entrant structure, as shown
in Fig. 13(b). They used the process of excimer laser microablation to
characterize the honeycomb geometry. The results confirmed that
compared with the patches without auxetic structure, the auxetic
patches showed superior mechanical adaptability. Table 6 shows the
summary of the application of auxetic materials on organ patches.
Negative Poisson's ratio organ patches (such as bilayer cardiac
hydrogels or Re-entrant structured patches, Chansoria et al. [52], Kap-
nisi et al. [54], and Olvera et al. [53]) exhibit excellent dome-shaped
bending and anisotropy, adapting to dynamic myocardial strain. How-
ever, studies are mainly based on ex vivo mechanical tests or small an-
imal myocardial infarction models, lacking electrophysiological
integration and long-term anti-fibrotic data. They assume ideal adhe-
sion, while clinical cardiac surface curvature and contractile forces vary
widely (diastolic/systolic modulus 10-500 kPa, strain >40%). Bench-
marks for commercial cardiac patches (such as >20% survival
improvement and no significant foreign body reaction) have not been
directly compared, with notable risks of immune rejection and patch
detachment. Manufacturing scalability and FDA-approved materials
(such as degradable hydrogels) remain bottlenecks. Future work re-
quires validation in chronic myocardial infarction models in pigs/sheep
and integration of conductive elements to achieve synchronized
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contraction.

3.5. Biomedical sensors

Biomedical sensors are a special type of sensor that can perceive
specific information within an organism, such as physiological param-
eters, biomarkers, etc. [179,180]. Among them, wearable sensors have
become one of the most widely concerned biomedical sensors over the
last decade, which can be affixed onto the skin surface to perceive
various signals [181-183]. Numerous types of these wearable sensors
have been documented in scientific literature during recent years
encompassing electromyograms for muscle activity monitoring, elec-
troencephalograms for brainwave analysis, tactile sensors for touch
perception, chemical sensors capable of detecting specific substances
and temperature sensing capabilities [116,181,184,185]. This type of
sensor is required to have good adhesion to the skin to maintain good
stability in different states of the human body [184]. Auxetic designs
contribute to wearable sensors in two distinct aspects: improving
skin-device interface stability and enhancing sensing performance. Deng
et al. [186] proposed an innovative dual-phase metamaterial that ex-
hibits a broad range of adaptable mechanical characteristics. They
affixed the sensors onto the surface of human skin and effectively
tracked human signals. Kim et al. [187] designed a novel hygroscopic
sensor by introducing the auxetic chiral structure to improve the
adaptability of the traditional sensors. Based on the proposed design,
they produced a haptic device and an electrocardiogram sensor.
Benefiting from the outstanding mechanical properties of the auxetic
material, the designed sensors exhibited consistent detection capabil-
ities in diverse settings, including physical activities, immersion in
water, exposure to highly concentrated salt water, and prolonged pe-
riods of continuous usage.

In the field of biomedical engineering, improving the sensitivity and
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Fig. 12. Research of an auxetic three-layer vascular scaffold designed by Ahn et al. [164]. (a) Fabrication process of the tubular vascular scaffold; (b) SEM images of

the fabricated scaffold; (¢) Compliance measurement and the results of the scaffold.

detection range of sensors is one of the main challenges. Due to the
constraints posed by flexible sensors including limited sensing range and
inadequate linearity, it remains challenging to employ a monolayer
sensor for extensive monitoring and collection of motion data. Gao et al.
[188] proposed a new composite sensor with circumferential auxetic
material. They found that the composite auxetic sensor showed
enhanced capabilities in terms of sensor range, linear range, and
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sensitivity. Besides, they also obtained the analytical relationship be-
tween the geometric parameters and the structural deformation, which
can be used to guide structural optimization. Jiang et al. [189] proposed
to introduce the auxetic material to the stretchable strain sensors to
improve their sensor sensitivity. They attributed the increase in sensi-
tivity of the sensor to a decrease in Poisson's ratio and strain concen-
tration. Table 7 shows the summary of the application of auxetic
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Table 5
Summary of the application of auxetic materials on tissue engineering.
Configurations Characteristics Quantitative Ref.
indicators
@Suspended web structures with PPR and NPR effects are fabricated; Cell movements: Zhang et al.
@Unusual cell division is found on the structure with the NPR effect. NPR: up to 15 pm; [172]

s ]
—=T—
Sl

@Study the effect of Poisson's ratio on the neural cell differentiation;

@Analyze the influence of pore structure, Poisson's ratio, and elastic modulus of the auxetic scaffolds;
@Combining pore structure, Poisson's ratio, and elastic modulus can obtain more diversified ranges of
biophysical 3-D microenvironments.

@Fabricated a group of nano cellulose aerogels with PPR, ZPR and NPR Poisson's ratios;
@Obtained aerogel scaffold by the freeze-drying method;
@The NPR scaffold shows a good favorable biomechanical environment.

@Designed and fabricated an auxetic three-layer scaffold;

PPR: about 2 pm.

Cell numbers:
NPR: about 7.0'10%;
PPR: about 5.5'10°.

Yan et al. [51]

@Showing a higher compliance property than the PPR scaffold;
@The cells inside the scaffold survived well within 10 days.

Absorbance value: Tang et al.
NPR: about 1.5; [50]

ZPR: about 0.7;

PPR: about 0.2.

Compliance: Ahn et al.
NPR: about 3.4; [164]

PPR: about 2.0.
Cell survival rate:
Larger than 90%.

materials on biomedical sensors.

Auxetic sensors significantly enhance sensitivity, detection range,
and skin adhesion, but most tests are conducted in vitro under stretch-
ing/bending conditions, lacking long-term stability data during contin-
uous human movement [186,188,190]. Assuming a clean skin
environment, sweat, friction, and biological contamination can easily
cause signal drift. Although some commercial wearable sensor bench-
marks (e.g., strain gauge factor GF > 10, linear range >50%, continuous
wear >7 days with accuracy >95%) are partially surpassed, evaluations
of biocompatibility (skin irritation, allergies) and waterproof/durability
are insufficient. Clinical applications need to comply with IEC 60601
medical device standards and HIPAA data privacy. Future research
should conduct human trials to verify the reliability of multimodal sig-
nals (such as ECG/EMG) in motion/wet scenarios and explore
self-powered integration.

(@)

Table 8 summarizes the key information of the five major application
fields, facilitating quick retrieval and comparative analysis. It integrates
typical configurations, core characteristics, key quantitative indicators,
and representative references of stents, bone implants, tissue engineer-
ing, organ patches, and biomedical sensors, providing a holistic
perspective to grasp the application landscape of auxetic materials in
biomedicine. Table 8 shows the consolidated summary of auxetic ma-
terial applications in biomedicine.

4. Future outlook for auxetics in biomedical engineering

1. Mechanical metamaterials utilize cell design to achieve target me-
chanical behaviors. The enhanced Re-entrant or chiral structures
with superior performance have been extensively reported. Howev-
er, current research predominantly focuses on enhancing mechanical

Thrombin added
after patch
placement

Patches placed
over fibrinogen

Non-aux

Ex-vivo lungs

Before AuxCP

With AuxCP

Fig. 13. Auxetic/non-auxetic patches designed and fabricated by Chansoria et al. [52]; Cardiac patches based on the Re-entrant hexagonal structure designed by

Kapnisi et al. [54].
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Table 6
Summary of the application of auxetic materials on organ patches.
Configurations Characteristics Quantitative indicators Ref.
@Fabricated a novel electroconductive cardiac patch with auxetic effect; Conductivity: Olvera et al.

Square

e

infarction;

@The patch exhibits a wide range of mechanical strength and anisotropy;

@®Compliant native cardiac movements.

@Proposed a composite cardiac patch combining bioresorbable metals and

polymers;

@Showing high conductive and elastic mechanical properties.

@The patch is capable of accommodating the strains and stresses manifested
by the human myocardium during both diastole and systole.

@®Introduced an auxetic cardiac patch for the treatment of myocardial

Square: about 2.8 S/m; [53]
Auxetic: [2, 2.5] S/m.

Conductivity: Kapnisi et al.
Unpatterned: about 13.5 x1072S-cm™; [54]
Auxetic: about 9.2 x1072S-cm™ (x) and

about 3.2x1072S-cm™ (y).

Resistance:
Proposed design: 1.1 Q;
Previous works: [30, 5000] Q.

Ryu et al.
[178]

Table 7

Summary of the application of auxetic materials on biomedical sensors.

Configurations

Characteristics

Quantitative Ref.
indicators

Compression

XIHHH '
Al

Architcetural idea

Chiral structure Horseshoe structure Dual-phase structure

Hexa-chiral

Tri-chiral

[2X)
£ £
- ---
Tttt
Conventional flat film

Tttt

_Z§z<:z§3;

i

@Introducing an
applicable
methodology for
fabricating
anisotropic porous

foams with an NPR

effect;

@Auxetic
metastructures
enhance the
sensitivity and
sensing reliability
of sensors due to
the improvement
of wall contact;
@Improving the
elasticity and
compression
properties;
@Designing and
fabricating a dual-
phase
metamaterial with
wide and
programmable
mechanical
properties;
@With stable
monitoring ability;
@Application on
monitoring the
physiological
signals under
various actions;
@Improving the
sensitivity of the
Stretchable strain
sensors by
introducing the
auxetic materials,
with a 24-fold
improvement.

S: [-0.0054, Liu
—5.4]kPa 1, et al.
[190]

GF: [2,16]. Deng
et al.

[186]

GF: Jiang
Auxetic: 830; et al.
pillar, square, [189]
and flat: less

than 100.

Note that the S is the piezoresistive sensitivity and GF is the gauge factor used to

describe the sensitivity.
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properties including stiffness and strength [20,80]. Innovative de-
signs pertaining to auxetic materials within the biomedical field hold
tremendous promise. For instance, by incorporating additional
structures with the traditional cell, it is possible to maintain the NPR
effect and rigidity of the auxetic structure along one direction while
simultaneously augmenting the flexibility along another direction
[21,23], which may be beneficial for implantable medical devices.

2. Additive manufacturing plays a pivotal role in the investigation of

auxetic materials, owing to its exceptional performance in intricate
structural formation [13]. Extending this to 4D printing using
shape-memory or stimulus-responsive material could enable auxetic
devices to actively change shape or performance after implantation
(such as scaffolds that self-expand at body temperature or
pH-responsive scaffolds). This approach can reduce the need for
auxetic deployment tools, improve minimally invasive surgery out-
comes, and open up new possibilities for adaptive implants
[191-193]. These materials typically exhibit significant deform-
ability and mechanical responsiveness to environmental stimuli,
greatly promoting the implantation of medical stents that require
deployment after reaching the desired position. This inherent ca-
pacity for automatic response deformation also significantly obviates
the need for superfluous auxetic mechanical equipment.

3. Advanced numerical calculation methods are extensively employed

for assessing the nonlinear and intricate mechanical properties of
medical equipment [140,194]. This high-resolution simulation fa-
cilitates designers in conducting preliminary evaluations of medical
equipment before costly experiments, providing detailed distribu-
tions of mechanical responses encompassing stress and strain pa-
rameters. Furthermore, advanced optimization algorithms can be
integrated to iteratively optimize structural parameters. However,
the investigation into comprehensive numerical models incorpo-
rating auxetic materials with biological tissue structural mechanics,
fluid dynamics, and other domains remains relatively limited. In
addition, through advanced medical imaging technology and 3D
tissue reconstruction [195,196], patient-personalized biomechanical
numerical simulations can be conducted [197-201]. Combined with
additive manufacturing technology, the auxetic materials are ex-
pected to be well used for personalized treatment.

. The in vivo operation of biomedical devices usually necessitates the

integration of multiple functionalities, including repair, sensing, and
self-power supply [202,203]. Biomedical devices that can seamlessly
incorporate these diverse functions hold immense potential. In this
context, auxetic materials with unique deformation modes and
exceptional mechanical properties offer a robust mechanical support



Q. Gao et al.

Smart Materials in Medicine 7 (2026) 494-513

Table 8
Consolidated summary of auxetic material applications in biomedicine.
Application Performance requirements Typical Configurations Ref.
Field
Stents 1Radial strength > 0.2 N/mm, fatigue life > 107 cycles (under physiological pulsatile Anti-tetrachiral, Re-entrant chiral, Double- [21,47,120,122,

Bone Implants

Tissue
Engineering

Organ Patches

Biomedical
Sensors

loads), restenosis rate < 10% within 1 year, thrombosis incidence < 1%.

2Must match arterial mechanical propertie and adapt to patient-specific plaques, vessel
curvature, and pulsatile loads. Clinical translation requires compliance with FDA/ISO
10993 biocompatibility standards.

1Elastic modulus matching human cancellous bone (0.1-4.5 GPa), Poisson's ratio
matching (0.2-0.3), to reduce stress shielding (bone resorption rate > 20% after
implantation needs quantitative control).

2Bone integration rate > 90%, 10-year survival rate > 95%, with assessment of fatigue
fracture, loosening, and infection risks. Must meet ISO 10993 long-term implantation
standards

1Elastic modulus matching natural tissues, cell viability rate > 90%, and quantification of
neural/cartilage induction efficiency.

2Provide a favorable 3D microenvironment for cell adhesion, proliferation, and
differentiation, with long-term stability in complex physiological environments. Large-
scale manufacturing must comply with GMP standards.

1Adapt to dynamic myocardial strain (diastolic/systolic modulus 10-500 kPa, strain >
40%), improve survival rate > 20%, with no significant foreign body reaction or immune
rejection.

2Require dome-shaped bending and anisotropy to match organ surface curvature, with
scalable manufacturing and use of FDA-approved materials.

1High sensitivity (Gauge Factor GF > 10), linear detection range > 50%, continuous wear
> 7 days with accuracy > 95%.

2Possess biocompatibility (no skin irritation or allergies), waterproofness, and durability,
with stable signals under motion/wet conditions. Clinical applications must comply with

arrowhead, Hybrid auxetic structures

Graded Poisson's ratio lattices, Hybrid meta-
biomaterials, Re-entrant, Chiral structures

PU foams, CNF/PEGDA aerogels, 3D printed
porous structures with tunable v

Re-entrant honeycomb, Anisotropic/bilayer
hydrogel patches

Chiral structures, Dual-phase metamaterials,
Circumferential NPR designs

123,134-137]

[154-157]

[49-51,168,169].

[52,53,176-178]

[186,188,189]

IEC 60601 medical device standards and HIPAA data privacy.

platform for embedding complex sensors. By leveraging the
advanced triboelectric nanogenerator (TENG) [204-206], these de-
vices can achieve a self-sustained power supply during operation
without any external power supply required. However, further ad-
vancements in this domain still warrant extensive exploration.

5. Conclusion

This review focuses on the latest advancements in auxetic materials
within the biomedical field. These examples demonstrate that auxetic
materials can enhance the utilization of biomedical equipment through
improvements in mechanical properties and biocompatibility. Through
the analysis of the current research status, several highly promising
avenues for development are listed, including biomedicine-driven
structural innovations, 4D printing techniques, structure-tissue
coupling and patient-personalized numerical modeling, and integrated
biomedical equipment with multi-functionality. It is anticipated that the
auxetic material will open a new era in the biomedical field.
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