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Abstract

A parametric analysis was conducted to determine the influence of geometric parameters on the Poisson’s ratio of an
auxetic structure. The results show that, for the selected geometry, the Poisson’s ratio can be precisely adjusted between
-0.8 and 0.2 by modifying the geometry. Four different auxetic structures were analyzed through both experimental
measurements and finite element simulations, demonstrating a strong correlation between numerical and test results until
the onset of wrinkling, which introduces deviations in transverse deformations. The wrinkling phenomenon was identified
in all examined auxetic structures. The critical stretch values at which wrinkling occurs were quantified using single-view
motion tracking without the need for side-view imaging. A sixth-order Ogden hyperelastic model was fitted to uniaxial
test data and refined using a custom parameter-fitting algorithm, ensuring accurate material representation. The developed
finite element model was extended to three-dimensional cases, and the auxetic behavior of a 3D auxetic cube was analyzed,
highlighting its anisotropic properties. The proposed methodology enables the targeted design of auxetic structures with
predefined mechanical responses, making it applicable to a wide range of engineering applications.

Parametrische Studie und inverses Design von gelochten Silikon-Auxetic-Strukturen

Zusammenfassung

Eine parametrische Analyse wurde durchgefiihrt, um den Einfluss geometrischer Parameter auf die Poissonzahl einer
auxetischen Struktur zu bestimmen. Die Ergebnisse zeigen, dass fiir die gewihlte Geometrie die Poissonzahl prizise zwi-
schen -0,8 und 0,2 durch Anpassung der Geometrie eingestellt werden kann. Vier verschiedene auxetische Strukturen
wurden sowohl experimentell als auch mittels Finite-Elemente-Simulationen untersucht, wobei eine starke Ubereinstim-
mung zwischen den numerischen und experimentellen Ergebnissen bis zum Auftreten von Wrinkling festgestellt wurde.
Das Wrinkling-Phdnomen fiihrte zu Abweichungen in den Querdeformationen. Wrinkling wurde in allen untersuchten
auxetischen Strukturen identifiziert, und die kritischen Dehnungswerte, bei denen es auftritt, wurden mittels Einzelan-
sicht-Motion-Tracking quantifiziert, ohne dass Seitenansichten erforderlich waren. Ein hyperelastisches Ogden-Modell
sechster Ordnung wurde an uniaxiale Zugversuche angepasst und mit einem eigenen Parameteranpassungsalgorithmus
weiter optimiert, um eine prizise Materialdarstellung zu gewéhrleisten. Das entwickelte Finite-Elemente-Modell wurde
auf dreidimensionale Fille erweitert, wobei das auxetische Verhalten eines 3D-auxetischen Wiirfels analysiert und seine
anisotropen Eigenschaften hervorgehoben wurden. Die vorgeschlagene Methodik ermdglicht die gezielte Konstruktion von
auxetischen Strukturen mit vordefinierten mechanischen Eigenschaften und ist somit fiir ein breites Spektrum ingenieur-
technischer Anwendungen einsetzbar.
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urally occurring, auxetic materials have only recently been
extensively studied. For isotropic materials, Poisson’s ratio
typically ranges from O to 0.5 in the small-strain regime,
whereas in auxetic materials, it is strain-dependent due to
significant deformations [2]. Cellular materials consist of
repetitive unit cells, forming a structured microarchitecture
that influences their macroscopic behavior.

Initially, researchers believed auxetic materials were rare
in nature, but recent studies have identified them in ce-
ramics, polymers, and even cat skin [3]. Certain metals
with special lattice structures also exhibit auxetic behavior.
The focus today is on artificial auxetic structures, partic-
ularly in biomedical applications. Auxetic stents offer ad-
vantages over conventional designs, such as maintaining or
even increasing their length after insertion. Abbaslou et al.
[4] conducted finite element simulations and confirmed the
mechanical suitability of auxetic stents, a conclusion also
supported by Vellaparambil et al. [5] and Behinfar et al. [6],
demonstrating their feasibility.

Other medical applications include implants, such as
auxetic spinal disc replacements for lumbar hernia [7].
Traditional implants can deform under long-term pressure,
whereas auxetic implants offer improved durability. Jiang et
al. found that test specimens withstood practical everyday
loads, demonstrating promising structural properties.

Auxetic structures have promising applications in en-
ergy absorption and protective equipment across industries
such as automotive, aerospace, military, and sports [8—10].
Studies show that auxetic shells filled with aluminum foam
absorb more energy than separate components, enhancing
impact resistance [11, 12]. 3D lattice structures have also
been explored for energy absorption [13]. Faraci et al. [14]
designed an auxetic face mask that distributes impact en-
ergy more evenly than conventional designs, while Tomita
et al. [15] developed a seat-mounted head protection sys-
tem, demonstrating superior absorption capacity.

Auxetic materials also enable inverse design approaches,
where geometry is optimized for a specific Poisson’s ratio
using machine learning [16]. Ebert et al. introduced an ABC
weave-based method for generating structures implicitly,
without predefined unit cells [17].

One of the most promising fields for auxetic materials is
soft robotics. Grossi et al. developed a caterpillar-inspired
robot with an auxetic frame, achieving natural motion dy-
namics [18]. Auxetic structures are also key for bending
actuators, essential in prosthetics, artificial muscles, and
robotic components [19]. Lee et al. introduced a 3D print-
able auxetic tubular spring for hopping robots, offering im-
proved gait stability and energy storage compared to tradi-
tional linear springs [20].

Analytical approaches in the literature describe auxetic
metamaterials using mathematical models [21, 22]. Raf-
sanjani and Pasini developed bistable auxetic structures in-
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spired by ancient geometric motifs, conducting uniaxial ten-
sile tests to analyze Poisson’s ratio and force-displacement
behavior [23]. These structures exhibit nonlinear deforma-
tion, making them suitable for switches and actuators. Other
innovations include auxetic superhydrophobic surfaces [24]
and SMA-based auxetic elements, which could be applied
in robotics [25].

In the context of cellular structures, experimental re-
sults are often compared with numerical findings obtained
through finite element methods, as demonstrated by Dara et
al. [26, 27], who investigated nature-inspired lattice struc-
tures, including an open lattice design based on the Victoria
water lily, highlighting their enhanced stiffness and specific
energy absorption capabilities. A structured approach to op-
timizing geometric configurations for enhanced mechanical
performance has been explored in various studies, such as
[28], where a nature-inspired 2.5D infill structure was de-
veloped and systematically compared to existing designs to
improve energy absorption efficiency.

The objective of this study is to establish a system-
atic methodology for designing planar auxetic structures
with tailored Poisson’s ratio at predefined stretch values.
To achieve this, we develop and validate finite element
models, supported by experimental measurements, to ac-
curately capture the mechanical behavior of auxetic ma-
terials. A parametric analysis is introduced to explore the
influence of geometric parameters on auxetic behavior, pro-
viding a framework for controlled structure design. The
impact of wrinkling on deformation characteristics is also
investigated to enhance the understanding of its role in prac-
tical applications. The proposed methodology is intended to
serve as a generalizable approach for modeling and design-
ing auxetic structures beyond the specific cases analyzed in
this work.

The paper is organized as follows. Section 2.1 presents
the examined auxetic structures and describes the manufac-
turing process used to fabricate them. Section 2.2 details the
experimental setup, including the methodology for calculat-
ing Poisson’s ratio. Section 2.3 provides a description of the
finite element model employed in this study. In Section 3.1,
we introduce the fitted hyperelastic material model, while
Section 3.2 compares the experimental and numerical re-
sults. Section 4 presents the parametric analysis performed
on the selected auxetic geometry, highlighting the influence
of geometric parameters on auxetic behavior. Finally, after
the discussion and conclusion sections, the appendix in-
cludes an additional case study of a 3D auxetic structure
currently under development.
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2 Materials and methods
2.1 Material description and specimen preparation

This study examines four auxetic structures, each with
a unique geometry. The test specimens have a cellular
structure, comprising unit cells. They have a 2D geometry
and are constructed from silicone sheets with perforations.
The auxetic behavior is a consequence of the shape and
positioning of these perforations. The elementary cells
are uniform and follow one another in a defined order,
thereby belonging to ordered cellular structures. Each
specimen is encased in a rectangular enclosure measur-
ing 120x90x 1 mm. The upper and lower portions of the
specimens are constructed with a 15 mm margin. The struc-
tures themselves are arranged in a 90x90mm block with
a distinct unit cell number. The CAD model of the test spec-
imens are shown in Fig. 1. Subsequently, we employed the
STR notation, accompanied by the number of the structure,
in order to streamline the document. The layout of the unit
cells are a collection of geometric elements, dimensions
and constraints. However, the main characteristics of each
unit cell can be influenced by changing two parameters for
each design.

In the majority of analogous studies, TPU (thermoplastic
polyurethane) was employed as the material of choice, with
3D-printing as manufacturing technology [8, 10, 29-33].
However, in this instance, a different approach was taken.
We employed a laser cutting machine to fabricate the test
specimens, which represents an automated material sepa-
ration process based on thermal energy [34]. In this study,
an ALFA LCE-2 (9060) laser cutting and engraving ma-
chine [35] was utilized. This is a 900 x600mm working
area tool, specially designed to cut non-metallic materials.
It is capable of cutting with a power of 80-100W. The
device in question has a carbon dioxide resonator gas, is
water-cooled, and its cutting speed that can be adjusted

between 0 and 24 000 mm/min. It is controlled by a DPS
system and the fumes generated during operation are ex-
tracted by a centrifugal fan. The aim was to reduce the
effect of temperature as much as possible, while maintain-
ing high quality and accuracy of the resulting cutting edges.
Following several iterations, the optimal cutting speed was
determined to be 20mm/s, and the maximum power to be
used was set to be 50% of the maximum power of the
equipment. Another advantage of the technology is that it
requires minimal post-production work. In conclusion, this
material separation technology has enabled the production
of sufficiently accurate, high quality specimens in a rela-
tively short and straightforward process.

2.2 Experimental setup

Uniaxial tensile tests were conducted on specimens de-
signed and fabricated in accordance with the specifica-
tions outlined previously. Ly = 90 mm represents the orig-
inal length of the specimens, AL = 100 mm denotes the
applied maximum displacement, and 100ms is the sam-
pling time. In order to achieve a quasi-static measurement,
the velocity of the upper, moving fixture has been set to
v = 5.58 mm/min, resulting a low strain rate ¢ = 0.001.
The force values were recorded using the built-in force
measuring cell of the material test equipment (Instron 3345
Universal Mechanical Material Tester).

To determine the transverse deformation of the inves-
tigated auxetic structures, we recorded high-resolution
video footage, as this method is commonly used by many
researchers studying auxetic structures [8, 29, 31]. The
measurements were recorded on video using a Fujifilm
X-H2 digital camera, equipped with a Fujinon Lens (XF16-
80mmF4 R OIS). The actual video resolution of the cam-
era is 7680x4320 pixels (8K resolution). The evaluation
was carried out using the so-called Motion Tracker Beta,
a freely available, open-source motion-tracking program
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Fig.1 CAD models of the specimens: a STR1, b STR2, ¢ STR3, d STR4
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Fig.2 Images of the four investigated auxetic structures at a stretch value of A = 1.16, showing their deformed configurations. The A, B, C, and D
points are marked in each image and were tracked using motion tracking software to analyze transverse deformation and determine the Poisson’s
functions

[36]. The evaluation process involved the following steps:
reading and opening the files, defining the points to be
tracked, tracking, evaluation and exporting the results.

For auxetic structures, there is no standardized method
for determining the Poisson’s ratio, as its value strongly
depends on which regions and points of the material are
selected for motion tracking. This has been thoroughly dis-
cussed in the work of Yolcu and Baba [37]. Consequently,
when using experimental results to validate finite element
models, we have the flexibility to choose arbitrary points
for Poisson’s ratio calculations. Notably, tracking multiple
points and averaging the results is also a possible approach
[37].

For the four investigated geometries, Fig. 2 illustrates
the points whose displacements were used to compute the
strain-dependent Poisson’s ratio. The A and B points were
used to determine the transverse stretch, while the C and D
points were used to calculate the axial stretch. Let L denote
the initial distance between C and D, and H, the initial
distance between A and B. The instantaneous distances are
denoted by L and H, respectively. The axial and transverse
stretch values can then be calculated as follows:

L H

A= A= (1)

Using these stretch values, we introduce the Poisson
function for large deformations, as proposed by Beatty [38]:

InA T (2)
p=—-.
InA

To ensure accuracy and eliminate potential errors, each
measurement was performed on five different specimens
for each geometry. It is worth noting that in most stud-
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ies on auxetic structures, Poisson’s ratio is typically deter-
mined using the above formula. However, in some cases,
researchers also introduce the concept of the incremental
Poisson’s ratio, which establishes a relationship between
infinitesimal strain increments [39-44].

2.3 Finite element modelling

In this study, finite element analyses were conducted us-
ing Simulia Abaqus version 2022 software. Standard, static,
two-dimensional simulations were performed on simplified,
deformable geometries, as illustrated in Fig. 3, on structure
STR4. The points to be tracked were added in a manner
analogous to that described previously. A homogeneous,
isotropic, incompressible material was implemented, with
its behavior described by the sixth-order Ogden hyperelas-
tic model. It should be noted that thermal, dynamic and
failure effects and models have not been included in this
analysis. It is imperative to activate the NLGEOM option
because the analysis will result in large deformations and
strains. An ENCASTRE boundary condition was applied to
the lower edge, which entails a complete gripping action
with all degrees of freedom constrained. For the left-hand
edges of the geometry, a symmetry in the horizontal direc-
tion was specified. A vertical displacement of 100 mm was
defined for the top edge, with the horizontal displacement
held at zero. The defined boundary conditions are illustrated
in Fig. 3. The structures were meshed using general plane-
stress linear continuum elements, as demonstrated in the
corresponding column of Table 1.

Before selecting the final mesh resolution for the fi-
nite element simulations, we conducted a detailed mesh
dependency analysis to ensure that the results were not sig-
nificantly influenced by the mesh size. We tested 11 dif-
ferent meshing strategies, systematically refining the mesh
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Fig.3 Boundary conditions and loading during the FE simulations

and analyzing the resulting variations in reaction force and
transverse deformations. The finest mesh contained approx-
imately 10 times more elements than the mesh ultimately
used in the manuscript. The comparison showed that the
difference in the computed reaction force and reference
point displacement between the finest mesh and the se-
lected one was less than 1%, indicating converged results.
Based on these findings, the selected mesh configuration
provided a good balance between computational efficiency
and numerical accuracy. This validated mesh ensures that
the simulations remain both quantitatively and qualitatively
reliable without excessive computational cost.

It is crucial to model accurately the mechanical behav-
ior of the silicone base material in order to gain a deeper
understanding of its characteristics. When analysing hyper-
elastic materials, it is advisable to utilize data from three
distinct homogeneous deformation types: uniaxial loading,
biaxial loading, and planar loading. Within the scope of this
research, it was possible to perform uniaxial experiments,
which were conducted using a uniaxial Instron 3345 Uni-
versal Mechanical Material Tester. The material is subjected
to significant axial displacements, resulting in elongations
of more than four times the original dimensions. The ob-

Table 1 Main properties of the meshes of the structures

jective is to conduct quasi-static measurements, which are
crucial for the elimination of viscoelastic effects. These ef-
fects were considered indirectly in our study, with the use of
essentially slow experiment data being considered authori-
tative. Failure effects were not taken into account, with the
data being fitted up to the moment before failure.

The results of the uniaxial tensile tests were employed
as a foundation for the construction of the material model.
However, in order to more accurately reflect the material
properties, a virtual equibiaxial data set was also gener-
ated. This was attained by multiplying the uniaxial data by
a constant (1.5), which, despite the fact that the relation-
ship is a function of some kind (not a constant), is a good
approximation based on measurement data available in the
literature [45, 46].

To accurately describe the mechanical behavior of the
base material, we systematically tested all available hyper-
elastic models in Abaqus by fitting them to our experi-
mental data using the software’s built-in parameter-fitting
module. Among the tested models, the sixth-order Ogden
model provided the lowest fitting error, indicating the high-
est accuracy in capturing the material’s nonlinear stress-
strain behavior. Following the selection of the sixth-order
Ogden model, we further refined its parameters using a cus-
tom parameter-fitting algorithm implemented in Wolfram
Mathematica. This additional step allowed us to optimize
the material parameters beyond the default Abaqus fitting,
ensuring a more precise representation of the experimental
data. Based on these findings, we concluded that the sixth-
order Ogden model offers the most reliable approximation
for the investigated material within the studied strain range.

It is worth noting that some studies completely disre-
gard the behavior of the hyperelastic model under biaxial
conditions and fit hyperelastic models solely based on uni-
axial measurement data. However, it is important to em-
phasize that the tested specimens experience a multiaxial
stress state. Therefore, it is advisable to use a hyperelastic
model that provides accurate and reliable results even un-
der complex stress conditions. The strain energy function of
the sixth-order, incompressible, Ogden hyperelastic model
is expressed as

6
W =
k=1

2
f%a%+x?+xy—a. 3)
k

Structure Global Seed size Element type Element number Node number
STR1 0.3mm CPS4/CPS3 45280 (44 662/618) 47137
STR2 0.3mm CPS4/CPS3 29280 (28488/792) 31894
STR3 0.3mm CPS4 19480 23239
STR4 0.3mm CPS4/CPS3 18478 (18 134/344) 21254
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The material parameters to be determined are p; and o
with k = 1...6. Furthermore, the principal stretches are
represented by A1, A, and A3. Closed-form expressions can
be derived for the engineering stress solutions in each load-
ing case:

6
2
PU =Z Hi (Aak_l _A—Olk/Z—l) .

o1 Yk
6
2
Py :Z ﬂ(kak—l _ A—20lk—1) . 4)
(075
k=1
°\ 24
PP = Z I(Aak_l - A’—Ol]\»—l) .
k=1

The engineering stress associated with uniaxial loading
is denoted by Py, while that associated with equibiaxial
loading is denoted by Pg. The stress solution corresponding
to the planar tension loading is represented by Pp. A quality
function based on the RMS (root mean squared) relative
error was employed in the fitting of the material parameters:

1< Pexp — pmodel 2
0= |- (T) , )

i=l1

where i denotes the number of experimental data points.
The objective of the fitting process was to identify the global
minimum of the error function, i.e. to minimize the discrep-
ancy between the measured and the calculated stress values.
This was achieved by iteratively varying the values of the
parameters. A variety of algorithms are available for this
purpose. In this instance, we employed Wolfram Mathe-
matica’s NMinimize built-in function.
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3 Results
3.1 Fitted hyperelastic model

For the uniaxial tensile tests, we conducted five indepen-
dent measurements on geometrically identical specimens to
ensure repeatability and reliability. The longitudinal stretch
was determined using tracking points placed on the speci-
men surface, minimizing the influence of potential clamp-
ing effects near the grips. The resulting force-stretch curves
from the five tests exhibited negligible deviation confirm-
ing the consistency of the measurements. The maximum
observed variation between tests remained well within the
display line thickness, indicating a high level of repeata-
bility. To further enhance the accuracy of our hyperelastic
material model fitting, we used the average of these five
measurements as the representative dataset. These results
validate that the adopted measurement approach provides
reliable, reproducible, and precise data for subsequent nu-
merical analyses. In the literature, it is widely accepted
that performing measurements on at least five specimens is
a standard methodology to filter out potential measurement
errors and ensure repeatability, providing statistically robust
experimental data [47, 48].

It is essential to highlight that the fitting was conducted
up to A = 3, as this range is pertinent to the study in ques-
tion. The resulting minimum value of the quality function
is QO = 5.6%, whereas the coefficients of determination
for the two data sets are R = 0.9922 and R = 0.9932.
The curves resulting from the measurements and those con-
structed with the fitted parameters are presented in Fig. 4.
The results demonstrate that the model solutions align well
with the measurement points, which provides evidence that
a robust constitutive model has been constructed. The fitted
model parameters are listed in Table 2.

— Model (Equibiaxial) “1
i Model (Planar) .
— Model (Uniaxial)
L/ «eeeee Exp. (Equibiaxial)
7L s ees Exp, (Uniaxial)

1 1.5 2 2.5 3
A ]

Fig.4 a—c Homogeneous loading cases used for hyperelastic parameter fitting: a uniaxial loading, b planar loading, and ¢ equibiaxial loading. d
Comparison of experimental data and the fitted hyperelastic model, showing the accuracy of the selected sixth-order Ogden model in capturing the

material’s nonlinear mechanical response

@ Springer



Forschung im Ingenieurwesen (2025)89:62

62 Page 7 of 16

Table 2 The fitted parameters of the sixth-order Ogden hyperelas-
tic model

k x [MPa] ok

1 —464.623 0.8815
2 223.866 0.6547
3 63.973 3.2124
4 -158.813 2.0417
5 -35.995 3.4344
6 373.043 1.3582

3.2 Comparison of experimental and numerical
results for auxetic structures

The variation of the transverse stretch values obtained from
both experimental measurements and finite element simu-
lations as a function of axial stretch is presented in Fig. 5
for all examined auxetic structures, up to 15% engineering
strain. In the figure, the experimentally measured values
are represented in blue, while the finite element simulation
results are shown in red. Due to the inherent characteris-
tics of the four examined auxetic structures, their mechani-
cal responses differ; however, the numerical results closely
match the experimental data up to the onset of wrinkling,
confirming the reliability of the simulation model.

a
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103 : Wrinkling—\V _
& 1.02F
= : FE simulation ]
1.01¢F E . 4
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A
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1.10F ' ' ' —
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~ i 1
1.04 ! t()n_set of ]
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Experiment ]
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1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14
A

During the experiments, five different specimens were
tested for each auxetic structure. Since the obtained mea-
surement values showed no significant deviation in either
trend or magnitude, a representative dataset was selected
for comparison in Fig. 5. The wrinkling phenomenon was
observed in all four auxetic structures, and its presence is
clearly identifiable from the comparison of the measured
and simulated data. Although only a single camera per-
spective was used for deformation analysis, wrinkling was
visibly recognizable in the video recordings. In the experi-
mental data, the onset of wrinkling is more pronounced, as
it distinctly marks the stretch value at which the sheet loses
stability and wrinkling occurs.

Due to wrinkling, the in-plane projection of the trans-
verse deformations significantly increases. For the inves-
tigated auxetic structures, wrinkling occurred at approxi-
mately the following stretch values: 1.09, 1.075, 1.065, and
1.05, corresponding to the STR1, STR2, STR3, and STR4
geometries, respectively. It is important to emphasize that
the stretch threshold for wrinkling onset strongly depends
on the applied boundary conditions.

Our primary objective is to understand and describe the
behavior of auxetic structures in the absence of wrinkling.
To achieve this, the results presented in Fig. 5 are also dis-
played over the A = 1...2 deformation range, as shown
in Fig. 6. It can be observed that after the onset of wrin-

b
1.06 :| LN L R B S S B S S B B B I B B B B S L B B S B ':-
1.05F STR2 :
1.04F !
= 103 f 5
1.02¢ : . :
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Lo1 3 wrinkling Experiment 1
1.00 E U SN N [N TR TN SN NN TN TR SR SN SN SN SN SN SN S SN [T SR SR SN N S S S 'Y n-
1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14
A
d
1.05f STR4 ;
L.o4 Onset of ]
oy 1.03E wrinkling ;
1.02} E
1.01 EE Silpulatgon_f
1.00 & . . . . IXpCrllmcn L
1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14

A

Fig.5 Comparison of transverse stretch values obtained from experiments (blue data points) and finite element simulations (red curves) for the
four investigated auxetic structures: a STR1, b STR2, ¢ STR3, and d STR4. The green marker indicates the stretch threshold at which wrinkling

was observed in the experimental tests
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Fig.6 Comparison of transverse stretch values obtained from experi-
ments (blue data points) and finite element simulations (red curves) for
the four investigated auxetic structures: a STR1, b STR2, ¢ STR3, and
d STR4. Stretchrange: A =1...2

a L L L L N B
40 STR1 ]
Z 30} :
) ; ]
S 20F ]
S : 1
10F FE simulation
i Experiment ]
0 e . oy
1.0 1.2 1.4 1.6 1.8
A
C
40 - T T T T T T T
r STR3 ]
_ 30 o
Z | r
S 20f ]
= [
S [ ]
10F FE simulation -
[ Experiment
0 L n n n 1 n n n 1 n n n 1 n n n 1 n
1.0 1.2 1.4 1.6 1.8
A

0.0 ——
—05F ]
— STRI
~ —10¢ — STR2 ]
— STR3
-15¢ — STR4 ]
—20F ]

1.0 1.2 1.4 1.6 1.8 2.0
A

Fig.7 Variation of the Poisson’s ratio as a function of axial stretch A,
determined from finite element simulations for the four investigated
auxetic structures. The results for each structure are represented using
different colors: STR1 (red), STR2 (orange), STR3 (green), and STR4
(blue)

kling, the trend of the measured data remains similar to the
values obtained from finite element simulations. However,
due to wrinkling, a significant deviation is observed in the
transverse stretch values.

The finite element simulation data allow us to illustrate
the variation of the large-strain Poisson’s ratio as a function
of axial stretch. The Poisson’s ratios obtained for the four
different auxetic geometries are presented in Fig. 7. From
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Fig.8 Comparison of reaction force values obtained from experiments (blue curves) and finite element simulations (red curves) for the four

investigated auxetic structures: a STR1, b STR2, ¢ STR3, and d STR4
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Fig. 10 Unit cell, and sample configurations with v and [ values: a 1,1,b 1,5, ¢ 5,1, d 5,5. The numbers on a circle basis represent the arcs, while
the numbers on a square basis the lines of the geometry

the results, it can be concluded that all four investigated
auxetic structures exhibit negative Poisson’s ratios, which is
consistent with the initial expectations. As the axial stretch
increases, the Poisson’s ratio values also increase. Within
the investigated A = 1...2 range, only the STR1 and STR4
structures reach and exceed the zero Poisson’s ratio thresh-
old. The initial Poisson’s ratio values for each structure are
as follows: STR1: v = =0.359, STR2: v = -0.764, STR3:
v =-2.194, STR4: v = -0.824.

To validate the finite element model, we compare the
reaction forces obtained from experimental measurements
and simulations. Fig. 8 presents this comparison using the
same plotting range for all cases. The force-stretch rela-
tionships exhibit a nonlinear behavior in all cases, which
results from both material and geometric nonlinearity. De-
spite the occurrence of wrinkling in all four structures, its
impact on the reaction forces remains minimal. The force
values obtained from measurements and simulations show
good agreement, with the only notable deviation observed
for the STR3 structure.

The deformed shapes of each auxetic structure at four
different stretch values are presented in Fig. 9. Each sub-
figure displays the deformed configuration, while the initial
shape is shown in semi-transparent grayscale for reference.
The color mapping in each subfigure represents the hori-
zontal displacements, where positive values indicate an in-
crease in transverse dimensions. It should be noted that the
scales of the legends differ across the subfigures.

4 Parametric analysis

In the preceding sections, we examined a number of aux-
etic structures, each of which was represented by a distinct
geometric configuration. The subsequent stage of our in-
vestigation involves the application of a parametric study,

@ Springer

which serves to optimize the geometry of each structure
in accordance with a set of specified requirements. Abaqus
was employed as a tool for this purpose as well. The para-
metric study can be conducted by scripting the input code
of the Abaqus model in Python environment.

In designing the auxetic structure for this study, it was
necessary to select a specific geometric configuration that
would best suit our objectives. Among the various auxetic
geometries available in the literature, we chose the STR2
design due to its smooth geometry, which minimizes stress
concentrations, and its suitability for achieving the desired
mechanical response. This selection was also influenced
by the need for a practical and manufacturable structure
that maintains auxetic behavior across a wide deformation
range. The following analyses and parametric studies are
based on this selected geometry, allowing us to systemati-
cally explore its influence on Poisson’s ratio and optimize
its design for potential applications.

The following steps were employed to create the analy-
sis: construction of a base model, manipulation of its source
code in Python, execution of the parameterised source code
in Abaqus, and exportation and evaluation of the results.
The base model was constructed using the software’s graph-
ical user interface (GUI), but with different dimensions em-
ployed for optimal parametrization. The distribution of the
unit cells is identical to that of the original specimen (6 x6),
but their dimensions are different, with a length of @ = § mm
per side. Another modification is the amount of displace-
ment, which was fixed at 80 mm instead of 100 mm to pre-
vent excessive elongations. The unit cell can be observed
in Fig. 10.

The parametrization was achieved by introducing two
parameters, [ and v, which alter the length and width of the
cut-outs in that order. It is of particular significance to note
that / increases the length (/) and v decreases the width (v).
A loop was created in the code where the aforementioned
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Fig. 12 Influence of geometric parameters on mechanical response. a Dependence of the tensile force F on the geometric parameters v and I , with

results corresponding to A = 1.85. b Dependence of the Poisson’s ratio on v and I, with results corresponding to A = 1.1. These surfaces illustrate
the influence of geometry on the mechanical response, demonstrating that multiple parameter combinations can yield similar auxetic behavior

parameters were incremented, each with 5 discrete values
(I=1...6,v=1...6). This discrete elementary constant
was denoted by k (k = 0.1). The parametrization is shown
on line 6 and arc 2 from Fig. 10 in this order. The other
objects were defined in a similar way. The two endpoints
of line 6 are:

Li=@+@-1Dk;3-(-1)k), (6)
L2=GB+@G-Dk; 5+ -k, (7
where the numerical values represent the original positions
of the points, while the starting point of the line is the

one located in the downstream horizontal direction. The
parametrization of arc 2 is somewhat more complicated.

A =@-(-Dk;1-GF-1)k), (8)
A=2-(-Dk+@F-1k:0). )

In this case, the upper point represents the starting point and
the lower point denotes the endpoint of the arc. Ultimately,

we obtained 25 distinct models with varying geometries,
examples of which are shown in Fig. 10.

The 25-25 features have been plotted on individual
graphs, which can be seen in Fig. 11. The characters are
similar in all cases, but the values vary greatly for different
parameter combinations, demonstrating the significant in-
fluence of the shape and size of the perforations. It can also
be observed that for a significant number of geometries, the
Poisson’s ratio does not take negative values at all or only
over a very small range. This indicates that the structure in
this case is not auxetic. Fig. 11c shows the stretch values
at which we achieve a zero Poisson’s ratio for different
geometries.

As an illustration, Fig. 12 shows how the tensile force
and Poisson’s ratio depend on the v and I geometric pa-
rameters. To represent this dependence as a surface, the
stretch value had to be fixed at a given level. In subfigure
a, the stretch value is 1.8, while in subfigure (b), it is 1.1.
It should be noted that different stretch values correspond
to different surfaces. Analytical functions could be fitted to
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these surfaces, but simple interpolation can also be used to
determine the required v and [ values for achieving a given
Poisson’s ratio at a specified stretch. As the results indicate,
multiple solutions exist, as slicing the surface with a plane
results in a curve. Although the surfaces shown in the fig-
ure may appear planar, they are not, and their nonlinearity
strongly depends on the chosen stretch value.

5 Discussion

The methodology presented in this study is not limited
to the specific auxetic structures examined but also con-
tributes to a broader understanding of modeling challenges
in auxetic materials. While numerous studies exist on aux-
etic structures, no comprehensive work provides a complete
framework for addressing the design and modeling aspects
systematically. The proposed methodology offers a struc-
tured approach to facilitate the targeted design and practical
implementation of auxetic structures from an engineering
perspective.

The good overall agreement between the finite element
models and experimental measurements confirms the reli-
ability of the numerical model. Finite element simulations
are a valuable predictive tool, but experimental validation
remains essential. The primary reasons for any discrepan-
cies between the numerical and experimental results are
discussed in the following paragraph.

Several factors may contribute to the observed differ-
ences between the experimental measurements and finite
element simulations. Geometric idealizations in the numer-
ical models, such as variations in the laser-cut specimen
dimensions and sheet thickness, introduce small discrepan-
cies. The idealized boundary conditions in the simulations
assume perfect fixation, whereas minor slippage or defor-
mation may occur in the clamping region during physical
testing. Additionally, the assumption of plane stress in sim-
ulations does not fully capture the 3D stress state that may
develop, particularly near constrained areas. Material mod-
eling is another key factor. While we employed the most ac-
curate hyperelastic model available in Abaqus, no material
model can perfectly replicate experimental stress-strain be-
havior, especially under complex, non-homogeneous load-
ing. Furthermore, viscoelastic effects were not considered
in simulations, though they are expected to have a minimal
influence due to the quasi-static nature of the experiments.
The homogeneous and isotropic material assumption may
also introduce minor deviations, although tensile tests con-
firmed that the material’s properties were largely uniform.
Additional sources of discrepancy include motion tracking
accuracy in video-based strain measurements, which was
minimized using high-resolution 8K recordings and opti-
mized camera positioning. In this study, pixel-based mea-
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surements were utilized to calculate dimensionless quanti-
ties such as displacement and strain, a methodology inspired
by widely adopted techniques like Digital Image Correla-
tion (DIC). High-resolution 8K video recordings ensured
precise data acquisition, while careful camera placement
minimized parallax errors. This approach allowed for ac-
curate strain measurements within the studied scale and
facilitated direct comparison with finite element simula-
tions. The methodology’s scalability across different spec-
imen sizes is supported by its dimensionless framework,
and the challenges typically associated with scaling, such as
resolution limitations or parallax effects, were not encoun-
tered in our setup. The Instron load cell used in the experi-
ments has a high precision ensuring minimal measurement-
induced deviations. Moreover, wrinkling effects in auxetic
structures altered the deformation patterns, particularly at
higher stretch values, which were not captured in the plane-
stress FEM simulations [31, 33, 49, 50]. Lastly, environ-
mental factors such as temperature and humidity remained
constant throughout the experiments, ensuring that thermal
effects were not a significant contributor to the deviations.
These factors, individually small, collectively contribute to
the differences between experimental and numerical results.
However, the trends in both approaches remain highly con-
sistent, demonstrating the robustness and reliability of the
presented methodology.

The determination of Poisson’s ratio in auxetic struc-
tures is not standardized, and its value is highly dependent
on the measurement domain selected for evaluation. In this
study, we provided a detailed explanation of the measure-
ment methodology and the formula used to calculate Pois-
son’s ratio, referencing relevant literature. The results indi-
cate that Poisson’s ratio exhibits a significant variation as
a function of axial stretch, which is a crucial consideration
for the design of auxetic structures.

The wrinkling phenomenon was systematically identified
in the experimental tests, and the critical stretch value at
which wrinkling occurs was quantified. Wrinkling affects
transverse deformations and should be carefully considered
when applying auxetic structures in practical scenarios. In
certain applications, wrinkling may even be advantageous,
as it allows for programmable shape transformations, as
demonstrated in various studies.

The selected mesh density was found to be sufficient,
as convergence was confirmed through a comparison with
finer meshes. The analysis showed that further mesh re-
finement was unnecessary, as increasing the number of el-
ements by a factor of ten resulted in deviations of less than
1%.

The methodology proposed in this study can be ex-
tended to other auxetic geometries and material types, in-
cluding those exhibiting viscoelastic or anisotropic behav-
ior. A promising direction for future research would be nu-
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merical optimization, where the optimal auxetic geometry
is determined based on a specific objective function.

6 Conclusions

The methodology presented in this study enables the de-
sign of planar auxetic structures tailored to meet specific
user requirements, ensuring that a given Poisson’s ratio is
achieved at a predefined stretch value. By comparing exper-
imental results with finite element simulations, we demon-
strated that the developed numerical model is reliable for
the analyzed structures.

For all four examined auxetic structures, the wrinkling
phenomenon was observed, primarily attributed to the ap-
plied boundary conditions. We showed that wrinkling can
be identified without the need for side-view imaging during
the experiments. Instead, we determined the stretch val-
ues at which wrinkling occurs purely through the analysis
of single-direction video recordings and their comparison
with finite element simulations.

We introduced a parametric analysis that quantifies the
influence of individual geometric parameters on the Pois-
son’s ratio for a selected structure. The sixth-order Og-
den hyperelastic model used in the numerical calculations
proved to be suitable for accurately describing the mechan-
ical behavior of the investigated silicone sheet material.

Additionally, we extended our planar model to three-
dimensional cases and, through a case study, provided
a detailed analysis of a 3D auxetic cube, highlighting its
anisotropic characteristics.

7 Appendix - auxetic cube

The content of this Section provides insight into the ap-
plication of the constructed method. The example under
inevstgation is a cube, designed with STR2 variations. The
geometry is different for all axes of the three dimensional
space, resulting in an anisotropic body. This feature may al-
low implementation in specific engineering applications, for
instance as actuators in the field of soft robotics. The dimen-
sions of the perforations were selected based on the results
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Fig. 13 Three different views of the 3D auxetic cube structure, illustrating its geometric configuration and structural design. The visualization
highlights the repeating unit cells and the overall cellular nature of the cube
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Fig. 15 Deformation of the cube for X directional loading: a A = 1.08, b A = 1.23, ¢ A = 1.375

of Sect. 4, with the geometries of Fig. 13. The objective
was to select a structure that exhibited relatively strong aux-
etic behavior, one with near-zero Poisson’s ratio, and one
with a conventional behavior to the greatest extent possible.
A body with a unit cell structure of 4 x4 x4 was analyzed,
resulting in a final cube dimension of 32x32x32 mm.

The simulations are structured in a similar manner to
those presented in Sect. 3. Three simulations were per-
formed with different loading directions, and the proper-
ties were analyzed accordingly. To optimize the analyses,
a 2x2x2 instead of a 4x4 x4 structure was used, and the
body was modeled by specifying the appropriate symme-
tries. The displacement is defined as 6 mm in each case,
corresponding to a tensile load. This results in a total dis-
placement of 12 mm due to the symmetry of the prob-
lem. In this case, tetrahedron elements must be employed.
The C3D10H element is a 10-node quadratic tetrahedron
with hybrid formulation that is employed to manage the in-
compressible material. The resulting force-axial stretch and
Poisson’s ratio functions are depicted in Fig. 14.

The symbols X, Y, and Z indicate the direction of the
load, i.e., the stiffest structure is obtained for a load in the
Z direction, followed by the X and Y directions. For a single
model, two Poisson functions can be calculated depending
on the loading direction, resulting in a total of six functions
for three models. In Fig. 14, the same colours are associ-
ated with the same type of perforation, whereas the identi-
cal line styles correspond to the direction of loading. The
curves for each plane in question are not identical, which
indicates that these functions depend on the direction of the
load. Consequently, we may conclude that the deformation
of the cube is a coupled phenomenon from a mechanical
point of view. Figure 15 presents a visual representation of
the cube at three distinct stretch values during the loading
process. The body is coloured according to the Y directional
displacements.
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