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Abstract
This study investigates the mechanical behavior of auxetic energy-absorbing structures with
arc-shaped members under dynamic loading. Four configurations namely RED, Multiple-Arc,
REC-Star, and REC-Flower were designed and evaluated. The Multiple-Arc and RED structures
were fabricated using fused deposition modeling and tested via Split Hopkinson Pressure Bar
experiments, while all structures were analyzed using finite element modeling. The
experimental results demonstrated good agreement with numerical simulations, validating the
accuracy of the FE approach. Also, the energy absorption (EA), specific energy absorption
(SEA), and Poisson’s ratio of the structures were compared. The Multiple-Arc structure
exhibited the highest EA and SEA due to its arc-shaped internal members, which enhanced
stress transfer and impact dissipation. The REC-Flower structure also performed well,
benefiting from curved members that reduced stress concentration. Conversely, the RED
structure, lacking internal members, showed the lowest EA due to inefficient wave transmission.
The REC-Star structure initially displayed high EA but experienced premature failure due to
stress concentration at sharp corners. These findings emphasize the significance of curved
internal member arrangement in optimizing auxetic structures for dynamic applications. The
results provide insights into designing auxetic materials with tailored EA and deformation
characteristics for impact-resistant applications.

Supplementary material for this article is available online
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1. Introduction

Auxetic structures are a group of metamaterials that exhibit
unique behaviors due to their negative Poisson’s ratio.
Unlike conventional materials that shrink (expand) laterally
under tensile (compressive) loading, auxetic structures expand
(shrink) in the lateral direction due to applied tension (com-
pression). This behavior is achieved through the unique design
of their cellular structure. The negative Poisson’s ratio beha-
vior in auxetic structures enhances mechanical properties,
making them superior compared to conventional materials
and structures. These superior properties include remarkable
energy absorption (EA) [1–8], load-bearing capability [9–13],
fracture toughness [14–17], high indentation resistance [18–
21], and thermal impact resistance [22–25]. Such properties
enable a wider range of applications for auxetic structures in
various fields, includingmechanical [26–32], medical [27, 33–
40], sports [41–44], and textile [45–49] industries.

Recently, arc-shaped auxetic structures have been explored
through innovative design and modification of conventional
auxetic structures by replacing straight members with arc-
shaped struts in unit cells, such as re-entrant cells under quasi-
static [50–54] and dynamic loadings [55, 56]. Designing novel
arc-shaped unit cells have been developed to increase EA
capacity and reduce stress concentration in these structures
[57]. For example, Qi et al [54] developed a new re-entrant
unit cell with double circular members instead of the tradi-
tional inclined members. Their experimental and finite ele-
ment (FE) analysis demonstrated that these circular re-entrant
auxetic structures absorbed more energy than conventional
re-entrant structures under quasi-static compression loading.
Etemadi et al [2] designed three novel auxetic structures by
replacing straight members with curved ones in the re-entrant
unit cell, evaluating the behavior of these 3D printed structures
under quasi-static compression loading. They found that the
EA values in curved-shaped re-entrant structures significantly
exceeded those of the conventional re-entrant structure. In
another study, Etemadi et al [58] introduced two types of arc-
shaped auxetic structures as a new generation of auxetic struc-
tures, concluding their structures exhibited higher EA capacity
than conventional auxetic structures under quasi-static com-
pressive loading.

Furthermore, auxetic structures with arc shaped members
exhibit exceptional behavior under dynamic loading due to
reduced stress concentration and more uniform stress distri-
bution, which contribute increased resistance and structural
stability [2, 58–61]. Fu et al [62] investigated a sandwich
structure with Arc-type auxetic core under impact loading
demonstrating that the auxetic core with arc shaped members
increases the structure’s EA capacity. Hao et al [63] introduced
novel arc-shaped structures to further improve EA capacity
under dynamic loading, with numerical and theoretical results
indicating that arc-shaped members reduce stress concentra-
tion and increase EA.

The split Hopkinson pressure bar (SHPB) is a testing device
that enables researchers to evaluate and study the performance
of materials and structures under medium to high strain rates.

Hopkinson first established the foundation of this method in
1914 [64], and in 1949, Kolsky [65] modified it by using two
bars in series, presenting a technique for measuring the stress–
strain relationship of materials under high-rate loading, known
as the SHPB.

Unlike drop-weight testing machines, which are commonly
used for low-velocity impact loading [9, 60, 66, 67], the SHPB
is specifically employed to evaluate the mechanical behavior
of auxetic structures under high strain rate loading [59, 68–
72]. Fila et al [73] subjected three types of auxetic structures,
including 2D missing rib, 2D re-entrant, and 3D re-entrant
filled with strain rate sensitive materials, to quasi-static and
SHPB tests, investigating the effect of loading rate on their
mechanical properties. The results indicated that the effect of
polyurethane foam filling on specific energy absorption (SEA)
in dynamic loading was 15% higher than under quasi-static
loading. Chen et al [74] subjected five types of 3D re-entrant
structures with different geometries made of polyamide to
SHPB impact tests at various velocities, comparing stress–
strain curves, EA, and failure mode under impact loading,
were compared with the quasi-static test results. They found
results that strength and EA abilities during impact loading
were significantly improved compared to quasi-static loading
tests. Varas et al [75] developed a new 3D auxetic structure
fabricated using additive manufacturing technology to invest-
igate its mechanical behavior under different loading rates,
employing the SHPB test for high-rate loading, and indicat-
ing that the EA value depends on the number of cell layers in
the auxetic structure.

Auxetic structures have gained significant attention for
applications related to EA under dynamic loading. However,
most previous research has focused on traditional auxetic
structures, leaving the behavior of arc-shaped auxetic struc-
tures under dynamic loading largely unexplored. This gap in
the literature presents a significant deficiency in understand-
ing how arc-shaped auxetic structures perform under impact
loading.

In this research, four different arc-shaped auxetic structures
were designed specifically to enhance their EA capacity under
dynamic loading conditions. After fabricating these structures
using additive manufacturing, they were subjected to SHPB
tests to assess their mechanical performance and EA character-
istics under impact loading with the results compared to finite
element modeling (FEM) simulations. The primary aim of this
study is to explore the behavior of arc-shaped auxetic struc-
tures and evaluate their EA and SEA under dynamic loading,
providing valuable insights into their potential use as efficient
energy-absorbing structures in engineering applications.

2. Designing approach

This study investigates impact loading of five arc-shaped
auxetic structures designed to compare their EA capability.
Figure 1 illustrates the designed structures along with their
geometric parameter values, which were modified based on
the geometric configuration of the REC structure (figure 1(a))
[54]. The REC structure was designed by replacing double
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Figure 1. Geometric parameters of the designed structures.

circular arcs with inclined members in re-entrant unit cells
to reduce stress concentration and enhance mechanical
behavior.

The designed structures include RED (figure 1(b)),
Multiple-Arc (figure 1(c)), REC-Star (figure 1(d)), REC-
Flower (figure 1(e)).
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Figure 1. (Continued.)

1. RED auxetic structure (figure 1(b)): This auxetic struc-
ture was developed by substituting the inclined re-entrant
members with Dumbbell-shaped ones to achieve a higher
negative Poisson’s ratio and SEA. The RED structure
is expected to exhibit superior auxetic behavior during
impact loading due to the presence of its Dumbbell-
shaped auxetic members.

2. Multiple-Arc auxetic structure (figure 1(c)): In this
design, curved-arc members were added to the side walls
of the REC unit cell to enhance its energy dissipation cap-
abilities under compressive loads.

3. REC-Star structure (figure 1(d)): This structure combines
auxetic star-shaped and REC designs. Given that the star-
shaped energy-absorbing structures have high relative
density, they are anticipated to have improved EA ability.

4. REC-Flower structure (figure 1(e)), the Flower unit cell
was integrated within the REC unit cell. Due to the
geometric configuration of the Flower auxetic unit cell,
which avoids sharp corners, it is expected to demonstrate
enhanced EA capability and auxetic behavior.

According to figures 1(a)–(e), the relative densities of five
structures were approximately summarized as follows:
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ρo
ρs

=
4
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2
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)
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(3)

∆ρREC−Star =
ρo
ρs

=∆ρREC +
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]
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(4)

∆ρREC−Flower

=∆ρREC +
2
[
θe
2

(
(re+ t́e)

2 − r2e
)
+π

(
(re+ t́e)

2 − r2e
)]

LeHe
. (5)

In this study, the geometric parameter values were selected
to ensure that the relative densities of all structures were equal
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to 0.6. This selection aimed to provide uniform conditions for
comparing the mechanical behavior of the structures.

3. Experimental tests

3.1. Sample preparation

Among the five designed structures, the RED and Multiple-
Arc structures were manufactured using a MakerBot fused
deposition modeling (FDM) 3D printer with a 0.4 mm dia-
meter nozzle.MakerBotABSfilament, known for its enhanced
flexibility and acceptable ultimate strength, was selected as the
3D printing material. Table 1 provides detailed information on
the 3D printing parameters used for fabricating the samples. In
addition, figure 2 shows the printed samples.

Standard cylindrical samples with a diameter of 5 mm and a
length of 11mmwere alsomanufactured to measure the mech-
anical properties of the parent material (ABS) under medium
and high strain rate conditions, following the ASTME2448-11
standard using the SHPB test [76]. The stress–strain diagrams
of the ABS material obtained from three SHPB test results is
shown in figure 3.

3.2. Split Hopkinson pressure bar

Dynamic experimental tests were performed using the SHPB
machine installed at Hakim Sabzevari University. In designed
SHPB set-up, two different types of steel bars are employed
to measure the mechanical behavior of high strength materi-
als, such as metals and high-strength composites. For materi-
als with relatively lower strength, such as polymers and softer
composites, aluminum bars are used. Using two types of bars
allows accurate testing of variousmaterials and helps precisely
evaluate their behavior under different strain rates.

In this study, aluminum input and output bars with a length
of 2 m and a diameter of 20.4 mm, along with a striker
bar measuring 27 cm in length and 19.9 mm in diameter, a
pressure supply system, a measuring system, and speedomet-
ers. Figures 4 and 5 show a schematic of the SHPB and the
device located at Hakim Sabzevari University, respectively.
Four strain gauges are installed at a distance of one meter
from the input and output bar ends to measure the test out-
puts. Among the designed structures, the Multiple-Arc and
RED structures were subjected to SHPB dynamic tests. The
experimental deformation process for Multiple-Arc is docu-
mented in in a supplementary video file.

The velocity of the striker bar in the SHPB test is meas-
ured using a laser system. This system detects changes in the
position of a reflective surface on the striker bar, allowing the
velocity to be calculated as:

V=
∆x
∆t

(6)

where ∆x is the displacement and ∆t is the time interval
between reflections. In this study, the striker bar velocity for
both samples was measured at 14 ms−1 ± 0.5 ms−1.

Table 1. 3D printing parameters for fabricated samples.

Material ABS
Build orientation Lay flat
Infill pattern Linear
Infill density (%) 100
Layer thickness (mm) 0.2
Raster width (mm) 0.55
Nozzle diameters (mm) 0.4
Filament diameter (mm) 1.75
Print speed (mm/s) 50
Extrusion temperature (◦C) 245
Platform temperature (◦C) 93

The experimental test device operates as follows: initially,
using the pressure supply system, the striking bar is acceler-
ated to a velocity ranging from 0 to 40meters per second. Upon
impact with the input bar, a pressure wave propagates through
the input bar to reach the structure. Due to the impedance dif-
ference between the two materials, a tensile wave is reflec-
ted back in the input bar, while a compression wave propag-
ates through the output bar. With strain gauges installed on
both the input and output bars, along with the measurement
system, it is possible to measure the initial strain (εI), the
strain reflected in the input bar (εR), and the transmitted strain
through the output bar (εT). Using the values of these strains
and equations (7)–(9), stress, strain, and strain rate can be
calculated [77]:

·
εs (t) =

2cb
hs

εR (t) (7)

εs (t) =
−2cb
hs

tˆ

0

εR (t)dt (8)

σ (t) =
AbEb
As

εT (9)

where cb is the velocity of wave propagation, and Eb, Ab
are the Young’s modulus and cross-sectional area of the
input bar, respectively. Additionally, As and hs are the cross-
sectional area and length of the auxetic sample, respectively.
The EA and SEA of the auxetic samples were evaluated using
equations (10) and (11):

EA=

εˆ

0

σ (ε)dε (10)

SEA=
EA
∆ρρs

(11)

where ρs is the density of the parent material.
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Figure 2. Printed samples: (a) RED, and (b) Multiple-Arc structures.

Figure 3. Stress–strain diagram of ABS material obtained from SHPB tests.

Figure 4. Schematic of the SHPB set-up.

4. Finite element method

In this section, the simulation process of the SHPB using FEM
with Abaqus software was described. Abaqus is a commercial
FE analysis software developed by Dassault Systèmes Simulia
Corp., a subsidiary of Dassault Systèmes SE, headquartered
in Vélizy-Villacoublay [78]. This software has been fre-
quently used to evaluate the mechanical performance of
materials and structures under high strain rate loading [79–
82]. The exact specifications and dimensions of the pressure
bars were modeled for the SHPB simulation, as shown in
figure 6.

An elastic model was used for the input and output bars, and
an elastic-plastic material model was implemented for the par-
ent material of the designed auxetic samples. The mechanical
properties of ABS were obtained based on the average stress–
strain curves from three tests shown in figure 3 and are sum-
marized in table 2, which also includes the mechanical prop-
erties of the bars.

C3D8R linear elements were used to mesh the bars and
samples, as they are suitable for modeling large deformations
and dynamic loadings, offering a good balance between com-
putational efficiency and accuracy. Figure 7 shows a cut view
of the bars and the structure meshing. To investigate the mesh
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Figure 5. Two views of the SHPB device installed at Hakim Sabzevari University.

Figure 6. Schematic of the SHPB simulation.

Table 2. Mechanical properties of aluminum bars and ABS
samples.

EAl (GPa) 70
ρAl (kg/m

3) 2793
EABS (GPa) 2.40
ρs = ρABS (kg/m3) 1130
ABS 0.33

sensitivity, as shown in figure 8, an initial element size (e.s.)
of 0.4 mm was selected for the RED structure, and its stress–
strain curve was evaluated. The element size was then reduced
stepwise until further reduction did not significantly change
the stress–strain curve. Based on this analysis, an element size
of 0.15 mmwas identified as the reference element size for the
RED structure. The same approach was applied to the other
structures.

Abaqus/ Explicit provides two contact algorithms for sim-
ulating interactions between different parts of the model:
the general contact algorithm and the contact pair algorithm.
The default general contact algorithm was employed in this
study to capture all possible contact interactions during the

Figure 7. Cut view of the meshing of the input and output bars and
the structure, along with the selection of red and black point pairs to
evaluate lateral and axial displacements in the RED structure.

impact process automatically. This algorithm utilizes the pen-
alty method to enforce contact constraints between surfaces,
with a friction coefficient of 0.25 considered for tangential

7
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Figure 8. Mesh sensitivity analysis of the RED structure.

behavior [83]. The boundary conditions for the SHPB setup
were applied to constrain all displacements in the bars except
in the direction of the applied velocity. The simulation was car-
ried out using a dynamic explicit solver, which is well-suited
for modeling dynamic loading.

To evaluate Poisson’s ratio of the RED structure, as shown
in figure 7, pairs of horizontal [42] and vertical (black) nodes
were selected to measure the average lateral (εy) and axial (εx)
strains. Then, the Poisson’s ratio was then calculated using
equation (12)

v=−
εy
εx
. (12)

5. Results and discussion

5.1. Comparison of experimental and FEM results

Figures 9 (a) and (b) present the stress–strain diagrams for
the Multiple-Arc and RED structures, obtained from three
times dynamic experimental tests and FEM, respectively. In
addition, table 3 shows the ultimate strength (σu) values and
their error percentage for experimental tests and FEM for the
Multiple-Arc and RED auxetic structures. From figure 9 and
table 3, the experimental and FEM results show good agree-
ment. The discrepancies between the experimental and FEM
results can be attributed to several factors. One main reason
for differences is imperfections in the 3D printing process.
These include small defects and slight geometric deviations.
Such imperfections are not modeled in the FE simulations,
which assume perfect bonding between structure members.
Additionally, errors may arise from the SHPB experimental
setup, including potential misalignments and frictional effects
during loading, which could influence the accuracy of the
measured results. Furthermore, material properties in the FEM
model are typically considered homogeneous and isotropic,
while the actual printed materials might exhibit anisotropic
behavior or variability due to the layer-by-layer manufactur-
ing process [84].

Figure 9. Stress–strain diagrams of SHPB dynamic loading: (a)
Multiple-Arc and (b) RED auxetic samples.

Table 3. Experimental and FEM values of σu for Multiple-Arc and
RED structures.

σu Exp. FEM Error (%)

Multiple-Arc 13.89 14.47 7.19
14.16 2.14
13.73 5.11

RED 4.28 4.19 2.14
3.72 11.21
4.55 7.91

5.2. Mechanical performance of the designed structures
under dynamic loading

In section 5.1, the FE simulations were validated with exper-
iments. In this section, the mechanical performances of the
designed structures are analyzed and compared. Figures 10
and 11 show the stress–strain diagrams and the deformations
sequences of the designed structures under dynamic loading.
Also, table 4 presents their EA, SEA and maximum Poisson’s
ratio values under dynamic loading.

According to figure 10 and table 4, the Multiple-Arc struc-
ture exhibits the highest EA and SEA, making it a promising
auxetic configuration for EA. This can be attributed to the
additional arc-shaped members which enhances its capacity
to absorb impact energy under dynamic loading. Additionally,
this structure demonstrates distinct strain hardening behavior
as stress increases with strain. According to figure 10, in the
second region of the curve, plastic deformation occurs, but the
structure resists this deformation.

8
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Figure 10. Stress–strain diagrams of the designed structures obtained from FE simulation of the SHPB.

Table 4. Values of EA, SEA, νmax, and ε̇max obtained from FE analysis.

Unit cell EA
(
J/m3)× 106 SEA

(
J/kg

)
× 103 νmax

RED 0.135 0.199 −1.55
Multiple-Arc 0.633 0.933 −1.11
REC-Star 0.424 0.625 −0.92
REC-Flower 0.473 0.697 −1.07

In contrast, the RED structure, due to the absence of internal
members, lacks the ability to efficiently guide and transmit the
impact-induced wave from the input bar to the output bar. As
shown in figure 11(a), the lack of internal members signific-
antly reduces wave transmission efficiency, leading to lower
stress development and consequently a noticeable decrease in
EA capacity.

Moreover, despite incorporating internal members that the-
oretically enhance wave transmission, the REC-Star and REC-
Flower structures have not demonstrated the expected EA
capacity. Their performance remains moderate compared to
other configurations. According to figure 10, the REC-Star ini-
tially exhibits high EA capacity during the early stages of load-
ing. However, the sharp corners in its design induces stress
concentration, resulting in premature member failure and a
sharp decline in load-bearing capacity. This abrupt failure is
the primary factor contributing to the reduced EA efficiency of
this structure. Furthermore, in the REC-Star, the stress–strain
curve exhibits an abrupt drop after reaching the yield stress,
indicating strain softening behavior. This behavior is due to
the rapid change in load transfer path and the reconfiguration
of the structural members after passing the yield region. At
this stage, the internal members of the structure release part of
the stored energy, leading to strain softening and a significant
reduction in the structural resistance. This behavior results in
a decrease in structural stiffness and a transition of the struc-
ture to a more stable state with lower stress, which appears as
an abrupt drop in the stress–strain curve. In these structures,
as strain increases, stress decreases, leading to a diminished
capacity to resist higher stresses.

According to table 4, the arrangements of internal mem-
bers directly affect the Poisson’s ratio value of the struc-
tures. The RED structure, due to its geometry and fewer
members compared to other designed structures, has the
maximum space for lateral deformation, resulting in the
highest negative Poisson’s ratio value. In contrast, the REC-
Star exhibits the lowest negative Poisson’s ratio among the
structures. Its internal arrangement does not allow enough
space for displacement during loading; hence, the pres-
ence of internal diagonal members reduces the negative
Poisson’s ratio. Among the structures, the REC-Flower per-
forms satisfactorily in terms of EA and the negative Poisson’s
ratio, benefiting from more vacant space that allows lateral
struts to be more flexible and experience greater deform-
ation, leading to an increased negative Poisson’s ratio.
However, this increased flexibility also reduces the struc-
ture’s resistance to axial impact, consequently lowering its EA
capacity.

In summary, each designed configuration exhibits dis-
tinct mechanical properties, making them suitable for vari-
ous engineering applications under dynamic loading. The
Multiple-Arc structure provides the highest EA in a short
time, making it ideal for impact-resistant designs and
energy absorber devices. The RED structure exhibits the
highest negative Poisson’s ratio, which may be benefi-
cial in applications requiring auxetic behavior. Meanwhile,
the REC-Star and REC-Flower structures exhibit effect-
ive EA under gradual deformation, making them suit-
able for scenarios where progressive energy dissipation is
necessary.

9
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Figure 11. Deformation sequences of the structures under dynamic loading: (a) RED, (b) Multiple-Arc, (c) REC-Star, and (d) REC-Flower
(the contours represent the final von Mises stress distribution).

6. Conclusions

This study examined the mechanical performance of sev-
eral auxetic energy-absorbing structures under dynamic load-
ing, using both experimental SHPB testing and FEM. The
Multiple-Arc and RED structures were fabricated using FDM
and tested experimentally, while all configurations were ana-
lyzed numerically. The validation results demonstrated strong
agreement between experimental and numerical findings.

A comparative analysis of EA, SEA, and Poisson’s ratio
was conducted for all structures. The Multiple-Arc struc-
ture exhibited the highest EA and SEA due to its arc-
shaped internal members, which facilitated efficient wave
transmission and stress distribution. The REC-Flower struc-
ture also performed well, benefiting from curved members
that minimized stress concentration. In contrast, the RED
structure exhibited the lowest EA due to the absence of
internal members, resulting in poor wave transmission. The
REC-Star structure initially absorbed high energy but failed
prematurely due to stress concentration at sharp corners.
Additionally, Poisson’s ratio analysis revealed that the RED
structure exhibited the highest negative Poisson’s ratio due to
the auxetic nature of its Dumbell members and the increased
space for lateral compression compared to other designed
structures.

Here, is the key finding results of this study:

• Due to its arc-shaped internal members, the Multiple-Arc
structure improved wave transmission and stress
distribution, resulting in the highest EA.

• TheREC-Flower structure showed favorable performance in
reducing stress concentration thanks to its curved members.

• The RED structure’s lack of internal members caused weak
wave transmission and the lowest EA.

• The REC-Star structure, despite initially high EA, experi-
enced early degradation due to stress concentration at sharp
corners.

This research provides valuable insights into the design of
auxetic structures for dynamic applications and paves the way
for their potential use in areas such as crashworthiness, auto-
motive and transportation, vibration damping in civil engin-
eering structures, impact-resistant packaging, and advanced
engineering systems.

In future work, geometrical parametric study and optim-
ization of the Multiple-Arc structure, as the design with
the highest EA, will be carried out to further enhance
its performance and achieve the maximum NPR value.
Additionally, this study is limited to a selected set of
arc-shaped auxetic structures tested under Hopkinson impact
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loading. Our future research will focus on geometry optimiza-
tion to achieve maximum EA capability of arc-shaped auxetic
structures via advanced optimization methods such as topo-
logy optimization.
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