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Abstract

In this paper, energy absorbing characteristics of aluminum/polypropylene/steel
sandwich cups are investigated. To this end, sandwich panels were fabricated
using hot pressing technique. Then the panels were deep drawn using a
circular punch to produce three-layer cups. Subsequently, the cups were
axially compressed (crushed) under quasi-static deformation in order to
investigate their energy absorption capacity. Finally, the effects of thickness
of polypropylene layer as well as circular cutout triggers on energy absorption
of the sandwiched cups were evaluated. The results show that changing the
thickness of polypropylene layer from 1 to 2mm could successfully increase the
energy absorption by about 24%. Furthermore, adding geometrical triggers
like circular cutouts with radius of 2.5mm could reduce the absorbed energy
from 346J in the sample without trigger to about 335J in the sample with
trigger (3.2% reduction). The trigger could also reduce the peak force near
14% (from about 29kN to about 26kN) that can be considered as a positive
point of triggers to mitigate damage in the samples.

1. Introduction

With increase in air pollution due to extensive use
of fossil fuels in transportation vehicles (cars, trucks,
ships and airplanes), the need for wisely designing of
such vehicles in order to reduce fuel consumption has
become more significant. On the other hand, the need
for better safety and reliability of vehicles during acci-
dents or unpredictable collisions motivates engineers to
consider energy absorption as well as weight reduction
as two key features during the design [1, 2]. In this re-
gard, metal-polymer composite sandwich panels have
gained special attention in energy absorption systems
[3]. These panels often consist of a metal shell made
of steel or aluminum alloys and a polymer core from

polypropylene or polyethylene [4]. Sandwich panels
are often used as thin-walled or cylindrical structures
under crushing loads for energy absorption purposes.
Deep drawing is one of the processes used to create
cylindrical structures [5, 6].

Crushing of cylindrical and thin-walled structures
[7-10] is one of the methods of structural energy ab-
sorption [11, 12]. Regarding the rate of deformation,
the absorbed energy can be measured through dynamic
deformation (impact) or quasi-static deformation pro-
cesses [13]. The energy absorbed by a cylindrical sam-
ple under quasi-static deformation can be easily cal-
culated using force-displacement graph obtained by
crushing process. In this order, some parameters such
as maximum crushing force, crushing length, absorbed
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energy, and Specific Absorbed Energy (SAE) may be
introduced [2]. During quasi-static energy absorption,
a sample is crushed at a constant speed. Although
quasi-static tests might not be a precise representative
of actual dynamic crushing processes, simplicity and
easy control are the main reasons of utilizing quasi-
static evaluations.

This study aims to investigate energy absorption of
three-layered samples. Several other studies have in-
vestigated deep drawing process for fabrication of lay-
ered sheets [6, 14]. For example, Parsa et al. [15] used
experimental and numerical studies to determine lim-
iting draw ratio (LDR) of aluminum-polymer sandwich
panels. Bagherzadeh et al. [16] also conducted analyti-
cal and experimental studies on hydro-mechanical deep
drawing process for two-layered aluminum HO1050 and
St13 steel sheets. Regarding measurement of energy
absorption, Tsukamoto [17] investigated crushing be-
havior of deep drawn cups of two and six-layered alu-
minum/duralumin sheets and studied their use as en-
ergy absorbents and impact shields in vehicles. His
results showed that six-layered samples have suitable
behavior for use as impact absorbents. Furthermore,
Alavi Nia et al. [5] studied the energy absorption ca-
pacity and collapse of cylindrical and rectangular thin-
walled aluminum pipes under axial compression.

Jakirahemed et al. [7] showed that during energy
absorption of expanded thin-walled pipes, the ratio of
pipe expansion (outer diameter of the punch to inner
diameter of the pipe) is the most important param-
eter for optimizing the peak force and increasing en-
ergy absorption capacity of samples. Some studies have
also used geometrical triggers for optimizing the energy
absorption and deformation time in energy absorbent
structures [18, 19]. The reason for using geometrical
triggers in energy absorbents is the stability of force
during the crushing process. These triggers are simply
applied at a specific area along the sample length and
may lead the first folding (wrinkling) to occur at the
trigger area under lower forces. The importance of this
method is to prevent applying of larger forces to the
entire structure that might damage the non-absorbent
segments of the structure. This approach also creates a
stable energy absorption during the crushing of cylin-
drical structures [18-20]. Han et al. [21] investigated
the effects of holes created in aluminum and steel pipe
structures during static and dynamic axial compres-
sion tests. They could also study the effects of these
cutouts on energy absorption. Samer et al. [18] stud-
ied as well the effect of different oval, rectangular, and
circular cutout triggers during static crushing test of
rectangular thin-walled steel pipes. Hussain et al. [19]
also compared the conditions and configurations of dif-
ferent trigger factors on the deformation pattern and
crashworthiness of fiber-reinforced polymer composite
samples.

The current study uses a novel form of sand-

wich panels using two different metals as two skins
and a polymeric core. Polymeric core is believed
to improve the mechanical damping properties of
the sandwich structure [22]. To this end, alu-
minum/polypropylene/steel sandwich panels were fab-
ricated using hot pressing process at 190◦C and pres-
sure of ∼16MPa. Then the three-layered sandwich
blanks were deep drawn to produce three-layered cups.
Deep drawing process was already optimized in the
authors, another paper [6] to find the most appropri-
ate parameters including BHF, lubricant, and drawing
depth. The cups were then subjected to axial compres-
sion in a quasi-static loading regime. Finally, the effect
of middle layer thickness and presence of geometrical
triggers, as a noticeable novelty in this research work,
on energy absorption and deformation patterns of the
samples were investigated, and some beneficial results
were obtained.

2. Energy Absorption in Thin-walled
Structures

In general, the main output of quasi-static crush-
ing process, which is currently used to determine en-
ergy absorption, is a uniaxial force-displacement graph.
This force-displacement graph may exhibit some im-
portant parameters as follows [23, 24] :

Maximum Crushing Force (Pmax):

This value indicates maximum force applied by jaws
to the sample during the process. Pmax usually hap-
pens during the first step of loading when folding is
just starting to occur. This parameter is essential in
optimizing the design of energy absorbents and must
be minimized. This force is the maximum force which
can create permanent and stable deformation and wrin-
kling in the structure.

Total Absorbed Energy (Eabsorbed):

This parameter shows the energy dissipated during
structure deformation and is equal to the area under
force-displacement graph:

Eabsorbed =

∫
Pdδ (1)

in which P and δ are the force and the crushing length,
respectively.

Mean Crushing Force (Pm):

This parameter is the ratio of the measured absorbed
energy to the total crushing length:

Pm =
E

δ
(2)
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Specific Absorbed Energy (SAE):

This parameter is calculated as energy absorbed in a
unit of mass (M) of each sample at effective crushing
length:

SAE =
Eabsorbed

M
(3)

3. Materials and Methods

3.1. Fabrication of the Sandwich Panels

Using standard tensile test ASTM-E08 [25], stainless
steel 304 and Al3105 sheets were selected as the skins,
and thermoplastic polypropylene sheet (melting point
of 180◦C) was selected as the core. The tensile test
was used to determine the behaviours and properties
of metal sheets in order to select two alloys with com-
patible flow properties. Stainless steel and aluminum
layers had 0.5mm thickness, while polymer layer was
selected with two various thickness of 1 and 2mm. Ta-
ble 1 shows the chemical analysis of aluminum and steel
sheets obtained from Quantometric analysis.

In order to have a perfect deep drawing process, it
is necessary to perform annealing process on the alu-
minum sheet in order to bring its tensile properties
closer to that of steel sheet and in turn, to prevent it
from tearing during deep drawing process. Therefore,
aluminum sheets were annealed in a furnace for 30 min-
utes under temperature of 380◦C and then cooled down
to the room temperature [26]. Due to full annealing,
aluminum sheets used in the current study are consid-
ered to have isotropic characteristics. Fig. 1 shows
the stress-strain graphs of the used samples of steel,
annealed aluminum, and polypropylene.

Fig. 1. True stress- strain graphs for polypropylene,
steel, and annealed aluminum.

Three layers of aluminum, polymer, and steel were
attached together using a granulated polymer adhesive
with commercial name of Polypropylene Maleic Acid,
which is one of the derivatives of polypropylene. To
this end, it was necessary at first to remove metal oxide
layers from the surfaces and then stick them together.
The next step is creating a die for manufacturing sand-
wich panel sheets. This two-part die set was fabricated
from ASTM A29 steel. The die first part is a billet with
length of 300mm, width of 150mm, and thickness of
30mm on which two square holes with sides of 140mm
are machined. The second part is a lid that is placed
over the die (first part) after arranging all three layers
inside it. In order to melt the granulated polypropylene
adhesive between the sheets and adhere the sheets to-
gether, the mold is heated up to 190◦C using a heating
element mounted under the die [27]. A LASER ther-
mometer was used to measure and control the temper-
ature. After the temperature reached 190◦C, the sam-
ple was kept under pressure of ∼ 16MPa for 20 min-
utes and then held at the same pressure until the die
was cooled down to near 50◦C. As mentioned earlier,
samples were prepared with polymer layer thickness of
1 and 2mm. The stacking sequence and schematic of
manufacturing procedure are presented in Fig. 2.

Fig. 2. Layer arrangement and fabrication process
of Aluminum/Polypropylene/Steel sandwich panel. (1:
Put the first metal layer, 2: Add the adhesive, 3: Com-
plete the layers assembly, 4: Apply the pressure).

3.2. Deep Drawing Process

After preparing sandwich panels at two different thick-
nesses, they were cut into circular blanks with diame-
ter of 130mm using waterjet process. Fig. 3 illustrates
a cross-section of three-layered sandwich panel which
shows aluminum, polypropylene and steel sheets from
top to bottom, respectively.

Table 1
Chemical properties of aluminum and steel sheets (obtained from Quantometer test).

Material Constituents (%)
Al3105 97.4 Al 0.76 Fe 0.57 Si 0.53 Mn 0.27 Mg 0.19 Cu 0.14 Zn 0.009 Cr
St 304 70.7 Fe 18.5 Cr 8.39 Ni 1.27 Mn 0.48 Si 0.18 Co 0.1 V 0.06 C
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The deep drawing die set (including blank holder
and matrix) were also made from cast iron, while punch
was made from ASTM A29 steel. Eight springs with
stiffness of 161N/mm could control the BHF (Fig. 4).
Table 2 shows the dimensions of the die set. It is note-
worthy that due to having two different thicknesses,
two punches with diameters of 63 and 65mm were used
in the process. More details about the samples prepara-
tion and studying the deep drawing process parameters
are presented in [6].

Fig. 3. Cross-section of three-layered aluminum/
polypropylene/steel sandwich panels.

In order to investigate the effect of sheet thick-
ness and BHF on behavior of the samples, six different
BHFs were adopted for sandwich panels with different
thicknesses (more details will be presented in the next
section). Nylon was used as lubricant in all the deep
drawing processes to reduce the frictional forces and
have a perfect process [6, 14].

3.3. Geometrical Triggers

After deep drawing process, the edges of the samples
were cut and circular cutouts were drilled as the geo-
metrical triggers on the samples (Fig. 5). In the follow-
ing sections, cup samples with 2 and 3mm thicknesses
are denoted by S2 and S3, respectively. In this step,
two sets of circular cutouts with different diameters
and numbers were created on samples using drilling
operation. It is assumed that the eliminated area from
cup samples is constant in both set of cutouts. There-
fore, based on simple calculations, two cutouts with ra-
dius of 3.5mm were created in the first set and 4 cutouts
with radius of 2.5mm were created in the second set.
Samples with two cutouts are shown as S2-2C-D7, and
samples with 4 cutouts are shown as S2-4C-D5.

Fig. 4. Deep drawing die set.

Table 2
Dimensions of deep drawing die set.

Component Inner diameter (mm)Outer diameter (mm) Profile radius (mm)
Punch 65 - 8
Matrix 230 69.4 10
Blank Holder 190 69 -

Fig. 5. Sandwich deep drawn cups without edges; a) Without trigger, and b) With circular cutout triggers.

4
A.  Nassiri  and  A.  Atrian,  Experimental  Investigation  of  the  Effect  of  Circular  Cutout  Trigger  on  Energy
Absorption  of  Three-layered  Steel/  Polypropylene/Aluminum  Deep  Drawn  Cups:  1–10



3.4. Crushing Tests

After inserting geometrical triggers on the deep drawn
cups, all samples with or without trigger (intact
sample) were tested separately under quasi-static ax-
ial crushing using SANTAM testing machine. The
axial loading was applied with constant velocity of
10mm/min and could crush the samples up to 20mm.
In these tests, the upper jaw of the machine moved
down and pressed the closed end of the cups. In accor-
dance with previous studies, no lubricants were used
in energy absorption tests [15].

4. Results and Discussion

4.1. Studying the Deep Drawing Process

4.1.1. Effect of Layers Stacking Sequence

Based on the deformation properties of the layers, it
was determined that layers should be arranged so that
aluminum layer is in touch with the punch. Fig. 6
shows that if the layers are arranged in a way that steel
layer is in touch with the punch, aluminum layer suffers
from a premature tearing in the area of the punch pro-
file diameter. This is because when aluminum layer is
placed at the bottom, it has to tolerate higher strains.
Similar results were also reported by Takuda et al. [28].
These researchers found that the draw-ability as well
as the stretch formability in steel/aluminum laminated
composite are improved by setting the mild steel sheet
on the punch side.

Fig. 6. Tears occurred at the deep drawn cup in
the second layer arrangement (steel sheet touching the
punch).

4.1.2. Effect of BHF

One of the most important parameters affecting the
wrinkling of sheet edges during deep drawing process
is the force applied by the blank holder. Fig. 7 shows
the decreasing trend of wrinkling as the BHF increases.
Table 3 shows the effects of BHF on the wrinkling
height measured using a caliper. These results indicate
that BHF directly affects the wrinkling of the blank
edges. As can be seen, wrinkling height goes from its
maximum value at around 8kN to near zero at BHF of
∼ 12kN. Higher BHFs act as a constraint against elas-
tic circumferential buckling (elastic wrinkling) of the
sample flange and force it to flow plastically. Moreover,
higher BHFs give rise to more frictional forces which in
turn, hinder freely sliding the flange over the die or the
blank-holder. These two factors together lead to lower
wrinkling under higher BHFs [6, 14]. Rajabi and Kad-
khodayan [26] also reported similar wrinkling behavior
for deep drawing of fiber-metal laminates.

Fig. 7. Effects of BHF on wrinkling of samples flange.

4.2. Studying the Energy Absorption

4.2.1. Effect of Polymer Layer Thickness

The current research studies two groups of parameters
and their effects on energy absorption of the compos-
ite deep drawn samples. In the first group, the effect
of polymer layer thickness, and in the second group
the effect of circular cutout triggers on energy absorp-
tion capabilities are investigated. Fig. 8 shows the
deformation steps of S2 sample during a simple quasi-
static crushing test. This sample lacks any geometrical
triggers on its surface (intact sample) and shows sym-
metrical crushing at the beginning of the process due
to the axial compression loading.

Table 3
Effects of BHF on wrinkling height (mm) for different thickness (t) and lubricants.

BHF (kN) t = 2mm, Dry t = 2mm, Nylon t = 3mm, Dry t = 3mm, Nylon
2.5 5.1 4.2 2.8 2.2
4.5 4.2 2.8 1.7 0.7

6.4 2.6 1.6 0.6 0
8 1.1 0.5 0
10.3 0.4 0
12 0
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From the start of the process, the sample shows
signs of plastic deformation (Fig. 8, point A) and then
exhibits initiation of axial plastic buckling (Fig. 8,
point B). This deformation finally leads to full crush-
ing of the sample (Fig. 8, point C). Generally in
such experiments, when the material behavior trans-
forms initially from elastic to plastic regime (Fig. 8b),
and the first fold is appeared, a sudden drop in load-
displacement curve may be observed (see point B in
Fig. 9) [5].

Since the plastic and polymer compounds inher-
ently damp the mechanical forces, it is expected to
observe higher energy absorption in sample S3 which
has a higher thickness of polymer layer, compared to
sample S2. This expectation is clearly affirmed in Fig.
9 in which the area under load-displacement curve, or
the absorbed energy, is higher for S3. Three points of
A, B, and C in Fig. 8 are also marked on the corre-
sponding load-displacement curve in Fig. 9 for better
justification.

Fig. 8. Crushing process of sample S2 (thickness of
2mm): a) Start of crushing test, b) Start of buckling
in the sample, and c) Sample after crushing.

Fig. 9. Effect of middle layer thickness on force-
displacement graphs.

Figs. 8 and 9 show that the crushing mode of in-
tact samples of S2 and S3 before reaching to the max-
imum crushing force (region A to B) is relatively ax-
isymmetric. After the maximum point (B) which cor-
responds to creation of the first plastic hinge, the load
dropped smoothly. As the crushing process continues,
the load ascended again to create the next fold (point
C). Crushing mode associated to B-C region in Fig. 9
has also changed to asymmetric mode of progressive
buckling (diamond) [9]. The absorbed energy and the
specific adsorbed energy (ratio of the absorbed energy
to the sample mass) are indicated in Fig. 10. Fig. 11
also expresses the maximum crushing force, the average
crushing force, and the crushing distance at maximum
force for both S2 and S3 samples.

Fig. 10. The effect of polymer layer thickness on ab-
sorbed energy and specific absorbed energy (SAE).

Fig. 11. The effect of polymer layer thickness on max-
imum crushing force, crushing distance at maximum
force, and average crushing force.

As can be seen in these graphs, similar to the re-
sults reported by Praveen Kumar et al. [10], Cho et
al. [29], and Kalhor and Case [30], increase in poly-
mer layer thickness from 1 to 2mm creates more re-
sistance against plastic deformation. This obviously
leads to increase of the sample flow stress and in turn,
to increase the maximum crushing force by about 16%
(from 29.2kN in S2 to 33.8kN in S3). Increasing the
thickness of polymer layer also causes delay in creation
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of the first fold in the samples since the crushing dis-
tance in maximum force is higher for S3. This behavior
may be attributed to the increased bending resistance
of the laminated sheet with higher thickness. This re-
sult is also consistent with the findings of Goel [31].
It is also clear from Figs. 10 and 11 that by increas-
ing the polymer layer thickness, the energy absorption
improved by about 24%. The higher thickness of poly-
mer layer also leads to the enhancement of the damping
capability of the samples and make them more appro-
priate as the energy absorbing structures.

4.2.2. Effect of Geometrical Triggers

The aim of using geometrical triggers is to force the
structure to enter the plastic deformation and nonlin-
ear buckling phase a bit earlier than expected (com-
pared to the structure without these triggers). This
will result in faster yielding of the structure and there-
fore reduces the initial maximum crushing force ap-
plied to the structure. This ideally might increase the
structure energy absorption since entering earlier to
the first peak force generally leads to more steady be-
havior of the load-displacement curve and therefore to
higher amounts of energy absorption [18, 32].

To get the expected efficiency of the triggers, they
should insert to an appropriate location of the struc-
ture. The importance of applying triggers is to prevent
intensive deformation and fracture through buckling of
structure. This gives rise to a more stable and sym-
metrical wrinkling along the length of the specimen
(based on the patterns of mechanical progressive buck-
ling) while the crushing process starts at a lower first
peak force [18]. Lower force for the first peak leads to
lower chance of fracture in energy absorbent structures
while ideally increases energy absorption capabilities
[18].

Fig. 12 typically shows the crushing process of S2-
2C-D7 cup sample at three steps of beginning of crush-
ing (Fig. 12a), start of buckling in the sample (Fig.
12b), and at the end of crushing (Fig. 12c).

According to Fig. 13, it can be seen that the max-
imum crushing force for the samples with trigger (S2-
4C-D5 and S2-2C-D7) was reduced by about 14% rel-
ative to the sample without any trigger (S2). Similar
results were also reported by Abah et. al [33]. They
showed as well that if circular openings add to tubu-
lar specimens, the mean load would maintain more
steadily. In the current study, the cup sample with
circular cutout triggers with diameter of 5mm has an
energy absorption of 335.3 J (3.2% lower than that of
S2 sample), while the sample with circular cutout trig-
gers with diameter of 7mm has the energy absorption of
303 J (14.3% lower than that of S2 sample). Evidently,
none of these triggers were useful in increasing energy
absorption capacity of the three-layered cup samples.
However, due to decrease in the first peak force, these

triggers can reduce the forces applied to the structure.
Therefore, the triggers result in less damage in energy
absorbent structure and other attached parts. On the
other hand, geometrical triggers with diameter of 5mm
have a better absorbing performance compared to trig-
gers with diameter of 7mm since the former showed
near 10% higher energy absorption.

Fig. 12. Crushing process of S2-2C-D7 sample at a)
Start of crushing process, b) Start of buckling, c) At
the end of crushing step; d) The completely crushed
S2-4C-D5 sample.

Fig. 13. Comparison of load-displacement curves for
S2 (without trigger), S2-4C-D5 (with 4 cutouts of 5mm
diameter) and S2-2C-D7 (with 2 cutouts of 7mm diam-
eter).

This result may be attributed to symmetrical place-
ment and the number of cutouts (4 symmetrical
cutouts compared to two) in S2-4C-D5 sample. The
undesired effects of triggers in reducing the absorbed
energy was reported by some researchers like Daneshi
and Hosseinipour [34]. In contrast, other researchers
like Samer et al. [18] showed that by increasing the
number of cutouts and decreasing their diameter, the
induced folds turned more stable and regular, and the
initial peak force decreased, whereas the absorbed en-
ergy was improved. Cheng et al. [35] could also de-
crease the maximum load and increase the absorbed
energy simultaneously in their AA6061-T6 aluminum
square tubes inserting slotted and elliptical disconti-
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nuities. They showed that the triggered samples could
change the deformation mode from global bending to
splitting and cutting.

In the study by Han et al. [21] , the results in-
dicated that in quasi-static crushing test, if the loca-
tion of cutout triggers moves from center of the sample
toward the upper end of the tube, energy absorption
capacity improves and crushing mode changes from ax-
ial crushing (concertina) to progressive buckling (dia-
mond). Figs. 12 and 13 show that during the elastic
crushing region (region A-B) of S2-2C-D7 sample, the
crushing mode can be considered as an axial crush-
ing. As the crushing force increases, the induced stress
around the region with cutouts exceeds the yield limit
and the sample yields earlier than S2 sample (region
B). In this point and as the material initially yields
(point B), the crushing mode changes to progressive
buckling mode (region B-C). The S2-4C-D5 sample
crushing mode and behavior is exactly similar to S2-
2C-D7 sample, except that the plastic phase in trig-
gered region for the S2-2C-D7 due to the bigger effec-
tive cross-section area begins a bit later. Moreover, in
S2-4C-D5 sample due to the more symmetrical inser-
tion of four circular cutouts, a more regular deforma-
tion was observed.

In addition to Han et al. [21] , Samer et al.[18]
also showed that creating cutout triggers lead to de-
crease in peak crushing force as well as increase in
energy absorption if cutouts are placed at ideal lo-
cations, and their size and number are appropriately
adopted. By comparing the crushing behavior of the
S2-2C-D7 and S2-4C-D5 samples in the plastic crush-
ing phase, it can be observed that by increasing the
number and decreasing the diameter of cutouts, pro-
gressive folding occurs more regularly in the S2-4C-
D5. This in turn, causes more steady force level (in
the force-displacement curve) and finally higher energy
absorption capacity in this sample.

Different energy absorption parameters of S2, S2-
2C-D7 and S2-4C-D5 samples are compared in Figs.
14 and 15. As shown in Fig. 14, the specific absorbed
energy (SAE) of S2-2C-D7 and S2-4C-D5 samples de-
creased compared with intact sample (S2) by about
12% and 3%, respectively. Although the number and
diameter of cutouts did not affect significantly the ini-
tial peak force and the crushing distance at maximum
force, they could improve the energy absorption in the
sample with more circular cutouts with smaller diam-
eter (S2-4C-D5) by about 10.6% relative to S2-2C-D7.
As discussed, geometrical triggers can usually enhance
the regularity and stability of samples deformation and
generally reduce the induced stresses in the samples
(see Fig. 15). Therefore, the vulnerable effects of im-
pact on other parts of the structure (e.g. the passen-
gers’ cabin in automobiles) may be reduced [10]. This
shows clearly the great importance of geometrical trig-
gers.

Fig. 14. Comparison of energy absorption and specific
absorbed energy (SAE) of S2, S2-2C-D7 and S2-4C-D5
samples.

Fig. 15. Comparison between energy absorption pa-
rameters including maximum crushing force, crushing
length at maximum force and average crushing force of
S2, S2-2C-D7 and S2-4C-D5 samples.

5. Conclusions

Based on the results presented in this article, the fol-
lowing conclusions may be drawn:

• Increasing the thickness of core polymer layer
from 1 to 2mm led to increase of initial maxi-
mum crushing force and the absorbed energy by
about 16% and 24%, respectively.

• Crushing length in the first maximum crushing
force increases by near 12% after increasing the
thickness of polymer layer from 1 to 2mm.

• Circular cutout triggers with radii of 2.5 and
3.5mm result in 3.2% and 14.3% decrease in the
amount of absorbed energy, respectively, com-
pared to the intact samples.

• Despite lower energy absorption in triggered sam-
ples, lower first peak forces were also observed
in these samples. Therefore, less damage in the
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