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Cellular structures (in general) and auxetic topologies (in particular) have excellent energy-dissipation charac-
teristics and can be used as lightweight impact-energy absorbers. This paper aims to experimentally and
computationally examine the behaviour of novel re-entrant auxetic graded aluminium panels filled with poly-
urethane foam in an auxetic pattern. The performance is compared with 3 non-graded, 1 graded and 2 foam-filled
graded panels. The 6 compared auxetic panels share the same basic geometry but vary in the sheet thickness and
the addition of polyurethane foam. The auxetic panels were built by corrugating and gluing 12 aluminium sheets.
The material properties of the used aluminium sheets and foam were determined with standard mechanical
testing. Detailed quasi-static and dynamic drop tests were conducted and compared with a non-linear compu-
tational model. The stress-strain relationships, deformation patterns, specific energy absorption, crash force ef-
ficiency and Poisson’s ratio were comprehensively evaluated. Foam-filled panels revealed higher specific energy
absorption and more stable deformation than non-filled panels. The developed computational models success-
fully describe mechanical and deformation behaviour and can be used for future virtual testing of other

configurations.

1. Introduction

Cellular sandwich panels usually have two stiff plates and a crush-
able low-density core in-between [1]. They have become widely used in
engineering due to their excellent properties, in terms of lightweight,
strength-to-weight ratios, and impact energy absorption, including
high-rise buildings, aerospace engineering, automotive industry,
defensive solutions, and other protective structures [2]. Sandwich
panels with a cellular metallic core can dissipate significant dynamic
energy through plastic deformation under impact or blast loading [3].
The cores can be metal foams with regular or irregular topologies or
auxetic metamaterials [4,5].

Aluminium is most frequently used to create metallic foams
(aluminium foams) with open or closed cells and varying properties
[6-10]. Experimental and computational investigations demonstrated
high blast energy absorption of metallic foams. However, it is chal-
lenging to optimise foam properties for the applied load in practical
applications due to inherent irregularity in cell structure. Peroni et al.
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[10] showed that large density scatter and material anisotropy are the
main issue in designing aluminium foams.

Regular topologies, e.g. triangular, rectangular, trapezoidal or hex-
agonal (also called honeycomb), are alternatives as their behaviour can
be tuned to the specific engineering application. For instance, honey-
comb structures are used in many protective structures due to their
energy absorption and impact resistance properties [11-14]. Their me-
chanical properties and shock/impact response was studied analytically
[15,16], numerically [17-19] and experimentally [20,21].

The state-of-the-art review has shown that auxetic metamaterials
provide improved energy dissipation compared to conventional cellular
topologies [22-24]. The auxetic characteristic (negative Poisson’s ratio)
can be either naturally occurring (from the substance itself) or artifi-
cially created (changing the geometry on the micro-structure level). The
rarely used a-cristobalite silicon dioxide is an example of a naturally
occurring material with a negative Poisson ratio [25]. Double arrow-
head, re-entrant, chiral, and rotating rigid units are a few examples of
cellular geometries that exhibit auxetic behaviour [26,27]. They are

Received 25 October 2022; Received in revised form 28 March 2023; Accepted 9 April 2023

Available online 10 April 2023

0734-743X/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).



N. Novak et al.

employed in developing metallic auxetic cellular metamaterials, which
have a variety of aerospace, biomedicine, and military applications [28].
Auxetic structures and their applications have been well discussed in
several scientific manuscripts and review studies [29-33].

Auxetic sandwich panels have shown improved flexural response
[34], damage localisation [35,36], energy absorption [37-39] and
indentation resistance [40-42] under quasi-static and impact dynamics.
It is noteworthy that 3D auxetic structures have been developed [43] in
the form of an auxetic frame [44], multi-pod lattice [45], or bow-tie
elements [46]. However, complex procedures are needed to create a
3D auxetic structure [43,47] due to current technological constraints.
On the contrary, the 2D auxetic structures can be produced relatively
easy by profile-rolling/corrugating metal sheets [39,48] or by additive
manufacturing [49-51]. Only small-scale auxetic topologies can be
fabricated using relatively expensive 3D printing [52]. The sandwich
panels with a corrugated core have been suggested as an appealing
cheaper alternative for larger auxetic structures, which by design also
assure high longitudinal stretching, shear strength, and energy absorp-
tion ability [53-55]. The corrugated layers are created using a folding
technique and can be welded/glued together to create a comparatively
inexpensive core [48]. Similar panels were also fabricated using riveting
and tested under blast loading conditions recently [56].

The 2D re-entrant cell topology was used in this study due to its
comparatively straightforward geometry and less expensive fabrication
compared to alternative auxetic topologies. Additionally, studies in this
area indicate that the re-entrant auxetic topology potential needs to be
further explored [37]. The investigation of dynamic crushing of cellular
materials is often carried out using computational finite element anal-
ysis tools [57,58] since experimental procedures are way more expen-
sive [37].

Some recent studies advise adopting sandwich panels with graded
layers of non-uniform thicknesses to account for various impact loading
conditions [52,59]. For example, Li et al. [60] highlight the importance
of graded core and conclude that "graded sandwich panels, especially for
relative density descending core arrangement, would display a better blast
resistance than the ungraded ones". Therefore, graded sandwich panels
were also considered in this study.

Foam-filled sandwich panels are widely employed in building con-
struction due to their lightweight qualities, load-bearing capabilities,
acoustic insulation, corrosion resistance, and wear resistance. However,
this type of sandwich panel cannot bear extreme loads due to either
shear failure of the foam core or delamination between the face sheet
and the core [61]. Hence, researchers have investigated the behaviour of
foam insertion in cellular metals [62,63]. Usta et al. [61] compares the
high-velocity impact behaviour of two sandwich panels with poly-
urethane (PU) foam core and 3D-printed plastic re-entrant auxetic core.
Experimental tests with an air gas gun and computational modelling
showed that the re-entrant core has higher specific energy absorption
(SEA) than the foam core [61]. In Ren et al. [64], a hollow auxetic tube
was filled with rigid PU foam to enhance energy absorption. The results
show that the overall absorbed energy is larger than the sum of single
foam and hollow auxetic tube under compression [64], which reflects
the potential benefits of PU foam in auxetic cellular metals. Haque Faisal
et al. [65] studied the effect of fillers on the performance of re-entrant
auxetic sandwich structures. Core cells were filled with silly putty and
polyvinyl chloride (PVC) foam. The study concludes that filling the
auxetic cells with soft materials reduced the stress concentration and
decreased energy absorption [65] . For localised impact, Airoldi et al.
[66] propose an innovative concept for auxetic foam-filled energy ab-
sorbers. They consist of a 3D-printed polymeric hexa-chiral frame that is
filled with open-cell soft polyurethane foam. The absorbers were tested
experimentally and numerically and the results showed that foam filler
can provide significant improvements to the specific energy absorption
and load uniformity ratio [66].

This paper aims to experimentally and numerically examine the
behaviour of a novel re-entrant graded aluminium panel filled with PU
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foam in an auxetic pattern. The performance is assessed based on quasi-
static and dynamic drop tower experiments supported by advanced non-
linear finite element modelling.

2. Materials and methods
2.1. Geometry and fabrication of auxetic panels

Six different auxetic panels (APs) were considered in this research,
listed in Table 1. All the panels have the same geometry with six re-
entrant auxetic layers, built by corrugating and gluing twelve
aluminium sheets. Fig. 1 shows the geometry of the fabricated auxetic
panels, which was taken from a parametric study done by Al-Rifaie and
Sumelka [52]. The unit cells has a width (L1) of 40 mm and a height (H)
of 30 mm with L = 17.3 mm (Fig. 1a,b). The overall dimensions of the
auxetic panel are shown in Fig. 1. The height is not provided since the
auxetic panel’s total height depends on the sheets’ thickness and ranges
from 189.6 mm in the case of AP 0.8 mm to 194.4 mm in the case of AP
1.2 mm (where 0.8 mm and 1.2 mm are the thicknesses).

The six built auxetic panels vary in the sheet thickness and the
addition of PU foam. The first three non-graded auxetic panels have a
uniform corrugated sheet thickness throughout the whole panel of 0.8
mm, 1.0 mm and 1.2 mm, respectively. The graded auxetic panel was
fabricated with varying sheet thicknesses. The two auxetic layers at the
bottom have a sheet thickness of 0.8 mm, the two auxetic layers in the
middle have a sheet thickness of 1 mm, and the two auxetic layers at the
top have a sheet thickness of 1.2 mm. The last two graded samples were
filled with the PU foam as a full-filled graded panel (FFG) and auxetic-
filled graded panel (AFG) and are shown in Figs. 1e-f. The AFG config-
uration was chosen in order to introduce the multi scale auxetic
behaviour of the panels, where the filling itself introduces the auxetic
effect. At least two samples of each group were tested to determine the
representative response in each experimental testing type.

The auxetic panel’s production method was adopted from Remen-
nikov et al. [48], who produced the first large-scale auxetic panels.
Corrugated sheets made of aluminium alloy (AW-5754, T111, Impol,
SLOVENSKA BISTRICA, Slovenia) with density p, = 2660 kg/m> were
used to create the 25 auxetic cores. The corrugated sheets were then
assembled to auxetic panels with epoxy adhesive LOCTITE® EA 9466
(DUSSELDORF, Germany), as shown in Figs. 1c-d. At room temperature,
the glue hardens, forming a solid bond with good peel resistance and
shear strength. It is made for uses where a long lifespan and robust
binding strength are necessary.

The FFG and AFG samples were filled with commercially available
PU foam (Tekapur low expansion, TKK d.o.0., Slovenia) with resulting
density of 19.3 kg/m®. The foam was applied to the empty cells directly
from the spray and was left to harden at room temperature for 24 h. The
weight of the FFG and AFG panels was increased by 10.4% and 5.5%,
respectively, compared to the non-filled graded panel, as shown in

Table 1
Weight and porosity of the 6 considered Auxetic Panels (AP).
Absorber Comment Number of Weight Porosity
type samples [kgl [%]
AP 0.8 mm Uniform panel with 0.8 5 1.36 91.8
mm thick sheets
AP 1.0 mm  Uniform panel with 1.0 5 1.69 90.1
mm thick sheets
AP 1.2 mm Uniform panel with 1.2 5 1.96 88.5
mm thick sheets
Graded Graded panel with 0.8 - 6 1.63 90.1
1.2 mm thick sheets
FFG Graded panel fully-filled 2 1.80 89.0
with PU foam
AFG Graded panel 2 1.72 89.5
auxetically-filled with
PU foam
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Fig. 1. Geometry of the auxetic panel: a.) auxetic panel dimensions (depth: 100 mm), b.) unit cell dimensions, c.) positioning of panels, d.) fabricated auxetic panel,
e.) fabricated full-filled graded panel (FFG) and f.) fabricated auxetic-filled graded panel (AFG).

Table 1. The porosity of the panels is provided in Table 1. It was
calculated by dividing the weight of the panel with the weight calculated
by volume of panel and density of aluminium. The volume was calcu-
lated from boundary box area of the panel (315 mm width x 180 mm
height) and the depth of the panel (100 mm).

2.2. Material testing

To determine the precise mechanical properties of the used
aluminium alloy, a series of standard tensile tests were carried out using
the universal testing apparatus INSTRON® 8801 at constant loading
velocities of 0.1 mm/s (quasi-static testing, strain rate of 0.002 s’l) and
284 mm/s (dynamic testing, strain rate of 5.68 s~1). The 3 sets of dog-
bone samples following the DIN50125 standard with thicknesses of
0.8 mm, 1.0 mm, and 1.2 mm were tested, where a clip-on extensometer
with an initial length of 50 mm. The results are shown in Section 3.1 as
an average response of each set of samples. The foam testing was carried
out using a servo hydraulic MTS 810 quasi-static test system at quasi-
static (2 mm/min, strain rate of 0.001 s 1 and dynamic crosshead ve-
locity (250 mm/s, strain rate of 8.33 s1). The samples were cut from a

larger PU foam panel and prepared as test cubes with dimensions 30
mm x 30 mm x 30 mm. The PU foam panel was fabricated with
spraying the PU foam in the container, which was not constrained at the
top, mimicking the fabrication procedure of the FFG and AFG. The cubes
were compressed between two steel pads connected to the fixed and
moving heads of the MTS system.

2.3. Quasi-static and drop tower testing of auxetic panels

The quasi-static testing of auxetic panels was performed on the
universal testing machine Instron INSTRON 8801 with a position-
controlled crosshead rate of 0.5 mm/s. The nominal stress-strain re-
sponses were calculated using the initial dimensions of the samples.
Furthermore, the drop tower testing was carried out, consisting of a drop
sledge with variable masses guided by two 6 m tall columns. A steel plate
was fixed to the sledge to serve as the impacting surface to the top of the
auxetic panel specimens. The specimens were positioned on a steel base.
The total weight of the impacting mass was 99.5 kg, while the loading
velocity of 10 m/s was achieved, which resulted in 4975 J energy of the
impact. Two sledge-mounted uniaxial piezoresistive accelerometers
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Kilster M64C-2000 with a measuring range of 2000 g and an accuracy of
+ 2% up to 3000 Hz were used. The impacts were recorded using a
Phantom VEO E-310 L camera, with a capability of 3260 fps at a reso-
lution of 1280 px x 800 px. The acquisition was managed through an
Iotech Strainbook/616 measurement system with a WaveView software.
The CFC180 filter was used to filter the raw experimental data from drop
tower testing, Fig. 2.

Two-dimensional digital image correlation - DIC (GOM Correlate
2019) was applied to determine incremental transverse and axial strains
during compression tests, which were used to calculate the Poisson’s
ratio (PR). The displacements were measured in 7 discrete points on
each edge of the sample (Fig. 14a). Average displacements were then
used for Poisson’s ratio calculations. To prevent any contact and
boundary effects on the results, locations near the compression plates
were excluded from the examination of transverse displacements.

3. Experimental results
3.1. Material testing of aluminium material and PU foam

The experimental results of base aluminium material testing are
shown in Fig. 3a. The results show low strain rate sensitivity at analysed
loading velocities and very comparable mechanical responses of 0.8 mm
and 1.0 mm thickness sheets. The maximum and average standard de-
viations of the responses were calculated to be 19.58 and 12.05,
respectively. Young’s modulus was determined at 63,177 MPa. The
Poisson’s ratio of 0.33 was assumed from the literature [67]. For the
computational simulations of PU foam, the equivalent simplified rela-
tionship was used to achieve better convergence and more-stable
computational simulations. The simplified description of the mechani-
cal response used in the material (constitutive) model, is given in
Table 2.

The experimental testing of the foam (Fig. 3b) shows a typical
response of the cellular structure, where the densification follows the
initial elastic stage and plateau stress. Significant strain rate sensitivity
was also observed in the experimental tests.

3.2. Quasi-static testing of auxetic panels

Fig. 4 shows the deformation process of quasi-static testing uniform
and graded auxetic panels. The uniform samples (Fig. 4a) deform pri-
marily in the area of the shear planes, which is followed by densification.
It can also be observed that the glue does not fail even at full densifi-
cation. The deformation mode in the case of graded auxetic panel
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Fig. 2. Filtering of experimental data from drop tower testing.
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changes compared to the uniform auxetic panel. The deformation starts
in the area where the sample is less stiff (thinnest sheets) and then
continues at the thicker sheets.

3.3. Drop tower testing of auxetic panels

The results of drop tower testing are shown in Fig. 5. The uniform
(Fig. 5a) and graded (Fig. 5b) auxetic panels have the same deformation
behaviour as in the case of quasi-static loading (Fig. 4). The graded
auxetic panel shown in Fig. 5b has the thinnest sheets at the top, while
the auxetic panel, in the case of quasi-static testing (Fig. 4b), had the
thinnest sheets at the bottom. Also, the other specimen orientation was
tested, and there was no influence on the mechanical and deformation
response since the relatively low loading velocities do not initiate the
transition or shock mode response [68].

The deformation behaviour of AFG and FFG samples is shown in
Fig. 6. Adding the foam to the auxetic panel does not change the global
deformation behaviour, which remains the same as in the case of empty
auxetic panels through the entire deformation. Since the PU foam used
as filler is very porous and ductile, it densifies and gains significant
stiffness at high deformation rates inside the auxetic panel’s pores.

Due to the repeatability and low scatter of the experimental results
only the average mechanical responses of non-filled and foam-filled
auxetic panels are shown in Fig. 7. In the case of non-filled auxetic
panels, the mechanical responses reach higher peak stress in the case of
dynamic loading using the drop tower. After that initial peak, the stift-
ness is decreased compared to quasi-static loading, which is more
prominent with increasing thickness of the sheets (1.2 mm). This can be
consequence of the softer base material of the thicker sheets (Fig. 3a).
The initial stiffness is achieved, while the following bending deforma-
tion of the panel’s walls is more prominent and therefore provides larger
stiffness decrease than in the case of panels with thinner sheets. In the
case of foam-filled auxetic panel, the behaviour is the same, but when
adding the PU foam to the auxetic panel, the stiffness increases.

3.4. Analysis of the experimental results

The specific energy absorption (SEA) was calculated at 30 and 40%
strain (the displacement of 57 mm and 76 mm) as:

sea — D 7%

where ¢ is stress, ¢ strain and p density.
The crash force efficiency (CFE) was calculated as:

CFE = 2%,

Omax

where o,ver and omax are the average and maximum mechanical re-
sponses up to 40% strain. The SEA and CFE values of all analysed auxetic
panel samples are shown in Fig. 8.

The SEA increases from 30% to 40% of strain in all analysed cases,
which is expected, since there is more energy absorbed at the larger
strains. The increase of the SEA is more pronounced in the case of FFG
and AFG panels, which is consequence of more progressive platau,
where the stiffness is increasing faster than in the case of empty panels. It
is interesting to note that the SEA of auxetic panels increases with the
thickness of the corrugated sheet. Even though the mass of the panel
rises as well. With sheet thickness increasing from 0.8 mm to 1 mm, the
auxetic panel mass increases by 25%, and its SEA by 23%. The same can
be observed for the thickness increase of the sides from 1 mm to 1.2 mm.
Again, the ability to absorb energy increases more than its mass;
consequently, its SEA increases by 29%. The value of the SEA of the
graded absorber is 22% lower than that of the 1 mm thick absorber,
despite its average sidewall thickness being the same. In general, the
SEA increases in dynamic testing compared to quasi-static, which is not
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Fig. 3. Material testing of aluminium material and PU foam. a) average experimental results of aluminium tensile tests (solid lines quasi-static testing — 0.01 mm/s,
dashed lines dynamic testing — 284 mm/s), b) compression tests of PU foam cubes at different loading velocities (each sample shown with dotted lines).

Table 2
Material models parameters.

AW 5754 (MAT_024)

Density ~ Young’s Poisson’s Hardening definition (e, )
modulus ratio
[kg/ [MPa] [-] [-, MPa]
m®]
2660 63,170 0.33 0, 0.04, 0.08, 0.11,
172 219 235 239
PU foam (MAT_063)
23.3 5.02 0 Simplified experimental curve

the case only for the panel with 1.2 mm thickness. The dynamic SEA
increases the most when compared to quasi-static in the graded sample.
The graded foam-filled samples were only dynamic tested. The SEA of
foam-filled samples increases up to 23% in the FFG and 9% in the AFG
sample compared to the non-filled graded sample.

The CFE values are in general higher at 30% strain, especially is the
difference observed in the case of FFG and AFG panels. This is due to the
beforementioned increasing nature of plateau. The CFE was approxi-
mately 80% for 0.8 mm and 1.0 mm thicknesses and 75% for 1.2 mm
thicknesses. This could be anticipated since the absorbers differ only in
the sides’ thickness, which equally affects the average and maximum
pressure load. The CFE is slightly lower for the graded absorber (63%),
which is expected, as it consists of panels of different thicknesses, which

gradually deform. The CFE in the case of dynamic testing is decreased,
while the CFE of the graded sample under dynamic loading is superior
compared to others. Different load intensity to deform different parts of
the absorber is one of the purposes of using a graded absorber. The
thickest panels deform significantly only after 80 mm of displacement,
so it makes sense to calculate the graded absorber’s mechanical char-
acteristics, considering the results up to 120 mm of displacement to
capture the behaviour of all three types of panels. If we increase the
degree of deformation at which SEA is calculated from 40% to 66.7%
(120 mm displacement), the largest difference occurs with the graded
absorber since thicker panels are deformed at higher degrees of defor-
mation, which can absorb more energy. In proportion to the increased
absorbed energy, the SEA increases as the degree of deformation in-
creases. However, the CFE is lower than the results at 40% deformation.

4. Computer simulations
4.1. Computational model

The computational simulations were performed using the LS-DYNA
software. The geometry of the finite element (FE) model is shown in
Fig. 9a. The model was discretised with 5 mm fully-integrated shell
finite elements with 5 through-thickness integration points, determined
by a convergence study. The glue between the panels was not considered
in the model since the adhesive joints did not fail during the experi-
mental tests. The single layer of shell elements was therefore used in the

s ) .
s s T

L]

Fig. 4. Quasi-static deformation behaviour of two auxetic panels at different displacements (increments of 25 mm each), a) uniform AP 1.0 mm and b) graded panel.
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Fig. 5. Impact behaviour of two auxetic panels at different displacements (increments of 25 mm each), a) uniform AP 1.0 mm and b) graded panel.
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Fig. 6. Impact behaviour of two auxetic panels at different displacements (increments of 25 mm each), a) full-filled graded panel (FFG) and b) auxetic-filled graded

panel (AFG).
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Fig. 7. Average mechanical response of a) non-filled and b) filled auxetic panels (compared to non-filled graded auxetic panel).

area of glue connections, which resulted in the different thicknesses of
shell FE in these areas, as shown in Fig. 9a.

The loading conditions were modelled with two steel plates modelled
with shell FE with 1 mm thickness and following material properties:
Young’s modulus 210,000 MPa, Poisson’s ratio 0.3. In the case of quasi-
static testing, the upper loading plate has a prescribed constant velocity
of 2000 mm/s toward the sample. The increase of the loading velocity in
FE model compared to the QS experimental tests was determined based
on the parametric study to ensure the homogenous and quasi-static

mechanical response without any inertia effect leading to the forma-
tion of the shock response. In the case of drop tower testing, the loading
plate weighed 99.5 kg, and the initial velocity was prescribed the same
as achieved in the experiments. The initial velocity in the case of the
drop test was determined by the free fall equation and confirmed with
the DIC from a high-speed video camera. The bottom support plate had
fixed all degrees of freedom.

The computational model of FFG is shown in Fig. 9c, where the PU
foam inserts were modelled with fully integrated solid FEs.
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Fig. 9. Computational model of auxetic panel: a.) the thickness definition, b.) boundary conditions and c.) foam-filled FE model.

The *CONTACT_AUTOMATIC_NODES TO _SURFACE contact was
used between the plates and the auxetic panel and the auxetic panel and
PU foam inserts, while the *CONTACT AUTOMATIC_GENERAL was
used for the contact between the shell FEs in the auxetic panel.

The shell FEs in the auxetic panel were modelled with elasto-plastic
material model with strain hardening and rate dependence (MAT_024)
based on the data from experimental testing (Fig. 3a). The volume FEs of
PU foam inserts were modelled with crushable foam material model
(MAT_063). The hardening behaviour (yield stress vs. volumetric strain)
of the crushable foam material model was determined by the experi-
mental tests (Fig. 3b), where the approximation curve with 50 data
points was used to describe the simplified experimental curve. The
material parameters were the same for quasi-static and dynamic loading
and are given in Table 2. Additionally, the strain rate dependence of the

AW 5754 was considered by using the Cowper-Symonds model with
material parameters ¢ = 6500 s * and p = 4 [69]. The temper-
ature/adiabatic heat effects were not included in the material model.

4.2. Quasi-static testing results

The comparison between the experimental and computational quasi-
static stress-strain results is shown in Fig. 10. Good agreement can be
observed for all analysed geometries up to the densification. The largest
discrepancy between the computational and experimental responses can
be observed in the initial stiffness of the panels with thicker sheets. This
can be consequence of the precise modelling of the panels in FE model,
where the geometry is perfectly aligned together and therefore it starts
to deform in predicted (auxetic) way at lower stress levels.
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Fig. 10. Comparison of experimental (dashed lines) and computational (solid lines) results under quasi-static loading conditions.

The deformation behaviour comparison between the experiments
and computational simulations is shown in Fig. 11, which also shows an
excellent agreement.

4.3. Drop tower testing results

The mechanical responses of non-filled auxetic panel are shown in
Fig. 12a, where good agreement can be observed between the experi-
mental and computational results. In Fig. 12b the results of foam-filled
auxetic panel are shown, again showing an excellent agreement be-
tween the experimental and computational results.

The quasi-static deformation behaviour of the uniform and graded
samples is very similar. Therefore, only the results of AFG and FFG
auxetic panels are graphically presented. Fig. 13 shows that the defor-
mation is localised in the area of the thinnest sheets and then gradually
moves to the areas with thicker sheets.

The transverse displacements of the points marked in Fig. 14a were
measured in experimental results (DIC) and computational simulations

to determine the Poisson’s ratio. The initial alignment of the sample
provides inadequate reading of the transversal displacement at lower
strains, therefore the results up to strain of 0.1 are not representative.
The results in Fig. 14b show that also foam-filled auxetic panels have a
negative Poisson’s ratio. An excellent agreement between the compu-
tational and experimental results is again evident. There is no significant
difference between the AFG and FFG samples in terms of Poisson’s ratio
since the stiffness of the foam is much lower than the auxetic panel and
does not influence the transversal deformation behaviour.

5. Conclusions

The auxetic panels were fabricated using the relatively cheap and
straightforward fabrication method, which was extended by adding the
PU foam to obtain foam-filled samples. The samples were tested under
compression loading at two different loading velocities using the uni-
versal testing machine (quasi-static) and drop tower (dynamic). The
mechanical properties of aluminium material and PU foam were also

100 20 300 mm

L

Displacement [mm]
0 20 40 60 80100 120 140

Iﬂ [

| Ii

Fig. 11. Experimental and computational QS deformation behaviour of a) uniform AP 1.0 mm and b.) graded auxetic panel (displacement increment: 25 mm).
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determined.

The mechanical testing reveals that the increase of the sheet thick-
ness from 0.8 mm to 1.2 mm increases the SEA capabilities in the case of
quasi-static and dynamic testing. The foam-filled auxetic panels increase
the SEA capabilities even further and provide superior energy absorp-
tion capabilities compared to empty auxetic panels. The CFE, one of the
crucial parameters in the crash absorbers, was also analysed. The CFE of
uniform auxetic panels decreases in the dynamic loading compared to
quasi-static case. The opposite was observed for graded auxetic panel,
where the CFE remains comparable, also for the foam-filled samples.

The developed FE models successfully describe the mechanical and
deformation behaviour. The DIC and the FE models confirmed that the
auxetic panel provides the auxetic response up to very large strains. The
FE models could be enhanced with the examination of the anisotropy
and the real density distribution of PU foam, which will be considered in
future work. The validated FE models enable the development of new
foam-filled auxetic panels with a tailored response, where different ge-
ometries, sheet thicknesses, densities and distributions of the foams can
be virtually tested before fabrication. This will hopefully lead to the
application of modern crash absorption systems on newly built roads or
blast protection elements in buildings.
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