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Abstract

In this paper, a study on the design of energy absorbing structures under combined shear-compression loading is conducted
to effectively utilize the energy absorption principles of the material. Concave and convex designs are applied to energy
absorbing structures made of metallic and braided composite materials. The energy absorption principles vary depending on
the characteristics of each material. For metal, a design maximizing energy absorption through plastic deformation is nec-
essary. Concave and convex designs induce initial crushing due to stress concentration under loads, reducing the maximum
load. Subsequently, the load is distributed throughout the entire structure, improving load-bearing performance and enhancing
energy absorption performance. Braided composites demonstrate superior characteristics in terms of specific stiffness, spe-
cific strength, and specific energy absorption when compared to metals. They absorb energy through damage accumulation in
the laminate. Therefore, to optimize the performance, inducing a progressive failure mode becomes necessary. Unlike met-
als, braided composites can achieve effective energy absorption performance without altering the geometric shape. Energy
absorbing structures are manufactured, and drop impact tests are carried out to assess their performance. In conclusion,
it is observed that the geometric shapes effective in enhancing crashworthiness performance vary according to the energy
absorption principles of each material. Also, the energy absorption per unit volume is found to be superior for metal energy
absorbing structures, whereas the energy absorption per unit mass is better for composite energy absorbing structures. There-
fore, depending on the application, both metals and composites can be effectively utilized as materials for energy absorbing
structures.
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1 Introduction

Crashworthiness is defined as the ability of a vehicle to pro-
tect its occupants from injury in the event of a crash [1]. As
technology advances, our reliance on vehicles has increased,
resulting in more vehicles on the roads and faster transporta-
tion. It means that the possibility of catastrophic accidents
caused by vehicle collision has increased compared to the
past. Accordingly, the importance of crashworthiness to pro-
tect passengers and payloads is also increasing [2].

Energy absorbing structures, as a type of passive protec-
tion system, are designed to convert kinetic energy from
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collisions into other forms of energy, thereby reducing the
damage transmitted to passengers and payloads [3]. Metallic
cylindrical shells are commonly used as energy absorbing
structures in various applications [4, 5], such as longitudi-
nal frames of automobiles and front structures of trains [6].
When a force is applied, the metallic energy absorbing struc-
ture dissipates kinetic energy by deforming plastically. The
key to effective energy absorption is to promote progressive
crushing of the metallic energy absorbing structure, which
maximizes the amount of kinetic energy that can be absorbed.
If the energy absorbing structure bends globally, its ability
to absorb energy decreases, which compromises passenger
safety.

Because of its high strength-to-weight ratio [7], compos-
ites are also gaining attention for energy absorbing structures
and can be applied to various applications [8—10]. The com-
posite braiding technique is used to produce a composite
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part by intertwining fibers to create a desired braid architec-
ture before or during the impregnation of the fibers. Braided
composite shows stable impact resistance, which is benefit-
ted from the interweaving of the fibers [11]. There are various
studies aimed at assessing the crashworthiness of structures
made of braided composites. Wu et al. [12] experimentally
discovered that the crushing mode varies depending on the
number of axial yarns. Regardless of the number of axial
yarns, the most superior energy absorption performance was
observed when a progressive crushing mode was induced.
The same research group conducted a study on performance
based on braiding angle [13]. Similarly, the induction of
a progressive crushing mode had a significant impact on
energy absorption performance. When the braiding angle is
60 degrees, it induces a progressive crushing mode, which is
efficient for energy absorption performance. However, when
the braiding angle is 45 degrees, folding occurs in the mid-
dle, making energy absorption relatively inefficient. Other
research teams investigating the relationship between braid
angle and energy absorption performance showed different
results. Gui et al. [14] performed a quasi-static compression
test. They confirmed that those with a 45-degree braid angle
exhibited the highest SEA. On the contrary, Nazrul Roslan
et al.[15] observed the progressive crushing mode of tubes
with braid angles of 30 degrees and 45 degrees, confirming
the highest SEA performance in tubes with a 30-degree braid
angle. Through previous research findings [13-15], it was
noted that the most efficient braid angle for energy absorp-
tion may vary depending on factors such as braid architecture
and tube geometry.

Unlike metallic energy absorbing structures [16], there
is a lack of understanding on the crashworthiness perfor-
mance of braided composites subjected to the combined
shear-compression loading based on geometries. Addition-
ally, there is a scarcity of comparative studies between
metallic material and braided composites for the same geom-
etry. Therefore, this paper aims to analyze geometries that
effectively utilize the energy absorption principles of metal-
lic materials and braided composites when subjected to the
combined shear-compression loading.

2 Experimental Setup

2.1 Crashworthiness Indicators

To enhance the crashworthiness performance of energy
absorbing structures, it is necessary to identify the character-
istics that ideal energy absorbing structures should possess.
Lu et al. [2] summarized the characteristics of ideal energy

absorbing structures as follows.

e The energy conversion should be irreversible.
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e The peak force should be restricted and the reaction force
should be constant.

e Stable and repeatable deformation mode while ensuring a
long stroke.

e Light weight, high specific energy absorption capacity.

Based on the characteristics of an ideal energy absorbing
structures, the most commonly used quantitative indicators
for evaluating the performance of energy absorbing struc-
tures are specific energy absorption (SEA) and crush force
efficiency (CFE). The specific energy absorption (SEA) is
determined by dividing the energy absorption (E,) by the
mass of the energy absorbing structure (m). E; is defined
as the area under the force—displacement curve. Crush force
efficiency (CFE), indicative of load uniformity, is derived
by dividing the mean crushing force (Fy,) by the peak force
(Fmax) from the force—displacement curve. Fy, is calculated
as the ratio of E, to the crushing length (3). Expressions for
SEA, CFE, and F, are provided in Egs. (1) through (3). The
performance of metallic energy absorbing structures is com-
pared with that of braided energy absorbing structures. To
facilitate the performance comparison, the energy absorp-
tion per volume of the energy absorbing structure is defined
in Eq. (4) [17]. Thus, in this paper, SEA, CFE and E, are
used as indicators of crashworthiness performance [17-19].

[ Fwdx  E,

SEA=""—"" ==, (H
m m
F,
CFE = ", 2
max
E
Fy = 7“, (3)
E, .
Ey = 7(V = Volume of the energy absorbing structure).

“

2.2 Specimen Manufacturing

Ductile metals and composites are representative isotropic
and anisotropic materials, respectively. As depicted in Fig. 1,
the different energy absorption principles of ductile metals
and composites result in inducing different crushing modes
for the same geometry. For ductile metal, a design maximiz-
ing plastic deformation should be implemented to effectively
utilize its high ductility. In the case of composite materials,
it is possible to achieve a higher specific stiffness, specific
strength, and specific energy absorption compared to duc-
tile metals. Additionally, predominantly brittle failure occurs
due to the lower ductility. As a result, the energy absorp-
tion principles differ, and to maximize energy absorption, the
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Fig. 1 Classification of materials for energy absorbing structures
[20-22]: Ductile metal, composite

Table 1 Mechanical properties of the EGI [23]

Young’s modulus 200GPa
Poisson’s ratio 0.3

Yield strength 215 MPa
Tensile strength 332 MPa
Elongation 42%

accumulation of damage in the laminate must be maximized.
Therefore, to maximize the performance of composite energy
absorbing structures, inducing a progressive crushing mode
is essential. Electro-galvanized iron (EGI) is a type of steel
renowned for its outstanding ductility. In this paper, EGI and
a braided composite were utilized as materials for the energy
absorbing structure. The properties of EGI and the braided
composite are presented in Table 1 and Table 2.

Figure 2a illustrates the manufacturing process of an
energy absorbing structures, utilizing sheet metal. After
rolling two sheet metals, they are welded to create con-
cave and convex designs. Figure 2b shows the manufacturing
process of an energy absorbing structure using braiding tech-
niques. A cylindrical mandrel and a mold were manufactured.
Subsequently, braiding yarns (T700), released from the yarn
spindles, were arranged in a staggered pattern at a 45-degree
angle in the helical direction, forming a single ply. The diam-
eter of the carbon fibers utilized in this paper is approximately
7 pm (0.007mm). Additionally, the width and thickness of
the yarn composed of carbon fibers are 4mm and 0.5mm,
respectively. To enhance strength for the axial loading, 16
fibers were inserted in the axial direction. Regardless of the
material, the energy absorbing structure had a length of 40

Table 2 Mechanical properties of the composite laminate [8]

Material properties Variable Value
Longitudinal modulus Eq 113.0 GPa
Transverse modulus Ex = E33 34.8 GPa
Principal Poisson’s ratio V2 0.07
Shear modulus Gy = Gy = 4.9 GPa
Gis
Longitudinal tensile strength Xt 1808.0 MPa
Longitudinal compressive Xc 1175.2 MPa
strength
Transverse tensile strength YT 563.2 MPa
Transverse compressive Yc 700.0 MPa
strength
In-plane shear strength Xs 220.0 MPa
Density [ 1,560 kg/m?
(@) Concave design

‘ -+ Welding
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Fig. 2 Manufacturing process of specimens: a Metallic material (EGI),
b Braided composite

mm and a thickness of 0.5 mm. The end diameter was 38.2
mm, while the diameters at the center of the concave and
convex designs were 28.2 mm and 48.2 mm, respectively.
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2.3 Drop Impact Test Setup

The drop impact test is one of the commonly used experi-
mental methods to assess the crashworthiness performance
of energy absorbing structures [2, 24], which is subjected
to low-velocity impact. As shown in Fig. 3a, a drop weight
was designed to weigh approximately 40kg and, once lifted
by a spring balancer, it would be released by momentarily
removing a pin that connected its top and bottom parts. This
would cause the drop weight to fall onto the anvil plate,
where the energy absorbing structure is located. The distance
between the drop weight and the energy absorbing struc-
ture was approximately 0.9m. A dynamic force sensor was
installed on the lower part of the energy absorbing struc-
ture to measure the instantaneous load generated during the
collision between the drop weight and the energy absorbing
structure. For the dynamic force sensor, the Kistler 9333A
model was utilized. Additionally, the Kistler 5165A4KH11
model from the same company was used for data acquisition
(DAQ). To prevent direct impact on the dynamic force sen-
sor, 30mm thick plates were attached to its top and bottom
parts. A high-speed camera, provided by Kron Technolo-
gies, was employed to record the crushing process when the
drop impact occurred. Lighting plays a crucial role when
using a high-speed camera. High-speed cameras are utilized
to capture fast movements within very short durations, and
adequate lighting is essential for their operation. Lighting

Pin

~ * Plate

= * Dynamic force sensor

7 — > Plate

High speed camera

(b)

Metallic material

Plate

Welding | [ » Specimen

Plate

Braided composite

iy i Groove -

......... > Specimen

y - — ©
0.‘

Fig. 3 Drop impact test setup: a Test equipment, b Specimen

el Groove -
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provides illumination to clearly visualize the subject and cap-
ture detailed movements or changes. It was assumed that
the velocity of the drop weight decreased linearly from the
moment of impact until reaching the maximum crushing
length. The sampling rate of the dynamic force sensor was
set at 10 kHz, while the frame rate of the high-speed camera
was set at 2.5 kHz.

As depicted in Fig. 3b, a slope was manufactured to con-
duct a combined shear-compression loading test. The slope
was linked to the bottom of the drop weight and the base of
the energy absorbing structure. The drop weight descended
parallel to the steel plate located to the top of the energy
absorbing structure. For the energy absorbing structures fab-
ricated with EGI, steel plates were welded to both ends. In
the case of the braided composite, grooves were designed
on the steel plate to prevent slippage of the energy absorb-
ing structure. The tests were conducted at O-degree and
30-degree angles. According to the analysis of U.S. Army
helicopter accidents, it is known that 80% of survivable acci-
dents occurred within a roll range of 4= 20°. Based on this, the
maximum load angle for the tests conducted in this paper was
set to 30°. In the case of crashworthiness performance, cal-
culations were based on the reaction force-crushing length
curve when a displacement of 70% (28 mm) of the initial
height of the energy absorption structure occurred [25].

3 Drop Impact Test

3.1 Metallic Energy Absorbing Structures
with Straight Design

Figure 4a and b illustrates the reaction force-crushing length
curve, revealing excellent test result repeatability. In the
case of the straight design due to the structural character-
istics without reflecting geometric imperfections, it can be
observed that the initial crushing force reached the high-
est load on the reaction force-crushing length curve. With
an increase in the loading angle, the initial crushing force
remained at a high level, while the mean crushing force
decreased, indicating a reduction in energy absorption per-
formance. Figure 4c and d illustrates the crushing process.
When subjected to the axial loading, it can be observed that
a progressive crushing mode was induced from the bottom
of the energy absorbing structure. It indicates effective uti-
lization of the load-bearing capacity of the energy absorbing
structure. On the other hand, when subjected to the com-
bined shear-compression loading, initial crushing occurred
throughout the entire structure, resulting in a decrease in
overall stiffness and an inefficient utilization of load-bearing
capacity.
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Fig.4 A metallic, straight energy absorbing structure under low-velocity impact loading: reaction force-crushing length curve, a @ = 0°, b 6 =

30°; crushing process, ¢ ® = 0°,d 6§ = 30°

3.2 Metallic Energy Absorbing Structures
with Concave Design

A drop impact test was performed on the concave design.
High test repeatability can be confirmed through the reaction
force-crushing length curve in Fig. 5a and b. It can also be
confirmed that the initial crushing force was lowered due to
the geometric imperfection of the concave design. Through
the crushing process in Fig. 5c and d, it can be seen that
regardless of the load angle, initial crushing was induced in
the central part because of stress concentration, and the load
was distributed to the upper and lower parts, showing high
load-bearing performance.

3.3 Metallic Energy Absorbing Structures
with Convex Design

The convex design shares very similar structural charac-
teristics with the concave design. In other words, due to
stress concentration at the center, the initial crushing load
decreased, while the stiffness of the remaining structural
areas was relatively well maintained after initial crushing,
allowing for effective utilization of load-bearing capacity.
This characteristic holds true regardless of the loading angle.
A uniform load distribution can be observed through Fig. 6a
andb. Additionally, the crushing process of the convex design
under the axial loading and the combined shear-compression
loading conditions can be examined through Fig. 6 (c¢) and

(d).
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Fig.5 A metallic, concave energy absorbing structure under low-velocity impact loading: reaction force-crushing length curve, a 6 = 0°, b 0 =

30°; crushing process, ¢ & = 0°,d 6§ = 30°

3.4 Braided Composite Energy Absorbing Structures
with Straight Design

A drop impact test was conducted on a braided composite
energy absorbing structure with a straight design. Figure 7a
and b shows the reaction force-crushing length curve accord-
ing to the loading angle. The consistent shape of the reaction
force-crushing length curve and the high repeatability of per-
formance metrics were confirmed. Compared to the axial
loading, it can be observed that the load-bearing performance
for the combined shear-compression loading was some-
what reduced. This was due to the simultaneous occurrence

@ Springer

of the bending mode. The bending mode weakened the
load-bearing performance, resulting in a decrease in SEA
performance. Figure 7c and d illustrates the crushing pro-
cess with respect to the loading angle. For the axial loading,
it can be observed that after initial crushing occurred at the
top, a progressive crushing mode was induced, maximizing
energy absorption efficiency. Also, for a 30° combined shear-
compression loading, initial crushing occurred at the top.
However, the bending moment occured due to the impact
load, leading to the simultaneous occurrence of the bending
mode.
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Fig.6 A metallic, convex energy absorbing structure under low-velocity impact loading: reaction force-crushing length curve, a § = 0°, b 6 = 30°;

crushing process, ¢ 6 = 0°,d 6 = 30°

3.5 Braided Composite Energy Absorbing Structures
with Concave Design

When a load is imposed on a braided composite energy
absorbing structure with concave design, the braid material
undergoes deformation. In cases where gaps exist between
the fiber bundles, and the matrix material is either damaged
or excessively soft, the fiber bundles can rotate freely until
they become jammed against each other, as illustrated in
Fig. 8. When a load is continuously applied even after jam-
ming, interference occurs between adjacent fiber bundles.
This leads to the development of cracks in the fiber bundles.

This is a factor that impairs the load-bearing performance of
the energy absorption structure.

By examining the reaction force-crushing length curve
in Fig. 9a, differences in the axial loading trend become
apparent. In comparison to the axial loading, the combined
shear-compression loading exhibits a similar trend, as illus-
trated in Fig. 9b.

In Fig. 9c, the crushing process of the first specimen (S1)
subjected to the axial loading is observed. Initial crushing
occurred in the central region where the load-bearing per-
formance was weakened due to the bending of fibers, and
the load-bearing performance was further diminished by the
occurrence of cracks because of interaction between adjacent
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Fig.8 The crack propagation Loading ‘

process in an energy absorbing . ‘
structure with a concave design S5

Loading f

fiber bundles. This led to a deterioration in energy absorption
performance.

In Fig. 9d, the crushing process of the second specimen
(S2) subjected to the axial loading is observed. The crushing
process in Fig. 9d differs from that in Fig. 9c. Specifically,
a progressive crushing mode was initiated from the upper
portion where the impact was applied, rather than from the
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Crack propagation due to
interference between fiber bundles
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Loading [

Triaxial braiding

Triaxial braiding

central region. It demonstrates a more uniform and higher
load distribution compared to the first specimen (S1).

In Fig. 9e, at an angle of 30°, damage was initiated from
the central region. As the load was applied, cracks occurred,
further compromising the load-bearing performance. This
resulted in a deterioration of energy absorption performance.
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3.6 Braided Composite Energy Absorbing Structures
with Convex Design

A drop impact test was conducted for the convex design.
The convex design, like the concave design, features a bent
central portion, exhibiting similar structural characteristics.
The reaction force-crushing length curve in Fig. 10a and b

confirms early densification for both the axial loading and
the combined shear-compression loading. Figure 10c and d
illustrates the crushing process based on the load angle. Ini-
tial crushing was induced in the weakened central region
due to the bending of fibers, and as cracks generated, the
load-bearing performance decreased. This resulted in a dete-
rioration of energy absorption performance.
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Fig. 10 A braided composite, convex energy absorbing structure under low-velocity impact loading: reaction force-crushing length curve, a =

0°, b 8 = 30°; crushing process, ¢ § = 0°,d 6 = 30°

3.7 Comparative Study

The crashworthiness performance was compared based on
geometries and materials. The reaction force-crushing length
curves in Figs. 11 and 12 plot the results of the first specimen
(S1) test, as presented in preceding section. Additionally,
Fig. 13 and Table 3 were formed based on the average values
obtained through repeated tests.

In the case of metallic materials, as shown in Fig. 11, itcan
be observed that the initial crushing load was highest when
the straight design was applied. The early stages of crush-
ing did not experience stress concentration from geometric
imperfections, resulting in a lowered CFE performance. As
indicated in Fig. 13 and Table 3, SEA and E, performance
were superior when the concave design was employed, while
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the convex design showed the best CFE performance. The
lower SEA and E, performance in the convex design was
attributed to the increased mass and volume for the same end
diameter, height, and thickness.

As shown in Fig. 12, the load-bearing performance of
the straight design was consistently superior throughout the
entire crushing process. This superiority can be attributed to
the induction of a progressive crushing mode through shear
failure at the end. Although the load-bearing performance
experienced a significant decline after the initial crushing at a
30-degree load angle, along with the simultaneous induction
of the bending mode, it still demonstrated better load-bearing
performance compared to other geometries. As indicated in
Fig. 13 and Table 3, it can be noted that, except for the CFE
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performance at a 30-degree load angle, crashworthiness was
most superior when the straight design was applied.

The effects of the constituting materials on the crashwor-
thiness performance of the energy absorbing structure were
compared. As indicated by Fig. 13b, the SEA of the braided
composite energy absorbing structure is consistently supe-
rior. However, referring to Fig. 13c, it can be observed that
the energy absorption per volume is consistently superior for
metallic energy absorbing structures. Therefore, the selection
of materials may vary depending on the weights assigned to
SEA and E,. Depending on the application, both metallic
material and braided composite can be effectively utilized as
materials for energy absorbing structures.

Additionally, through Fig. 13d, it is evident that the CFE
of metallic energy absorbing structures with concave or con-
vex designs is consistently superior. This is because, with the
application of concave design and convex design to energy

absorbing structures made from metallic materials, the ini-
tial crushing load was reduced due to stress concentration.
Moreover, the load-bearing performance in the remaining
structural areas was well-maintained, allowing for an even
distribution of load across the structure.

As shown in Fig. 13, the effective geometry for harnessing
the energy absorption performance of metallic material and
braided composite varies due to their different energy absorp-
tion mechanisms. For metallic material, it is appropriate to
induce initial crushing and evenly distribute the load across
the entire structure to maximize plastic deformation through
geometric changes like concave design. On the other hand,
for braided composite, the damage accumulation in the lam-
inate must be maximized. To achieve this, a straight design
that induces initial crushing by shear failure at the ends and
promotes a progressive crushing mode may be suitable.
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Fig. 13 Comparison between metallic material and braided composite: a Geometry, b SEA —0, ¢ Ey — 0, d CFE —0. (0 = loading angle). *str =

straight, conc = concave, conv = convex, Braid = braided composite

Table 3 Comparison of

crashworthiness according to Geometry Loading SEA CFE Ey
load conditions and geometry: angle (deg) /g (%) (JJem?)
metal vs braided composite
Metallic material (EGI) straight 0 12.4 56.9 96.9
30 7.7 37.7 60.4
concave 0 124 73.5 96.9
30 9.0 55.0 70.3
convex 0 9.3 74.6 729
30 7.6 74.3 59.7
Braided straight 0 32.1 68.1 52.4
composite 30 17.1 45 27.9
concave 0 19.6 61.4 344
30 11.3 54.1 19.9
convex 0 13.0 554 21.2
30 10.8 43.6 17.7
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4 Conclusions

In this paper, a study on the design of energy absorbing
structures that effectively utilize the energy absorption prin-
ciples of the material under the combined shear-compression
loading was conducted. Metals and braided composites are
primarily used in energy absorbing structures, and their
energy absorption principles vary depending on the char-
acteristics of the constituent materials. For metal energy
absorbing structures, a design that maximizes energy absorp-
tion through plastic deformation, leveraging the material’s
high ductility, is required. The braided composite energy
absorbing structure exhibits superior specific stiffness, spe-
cific strength, and specific energy absorption performance
compared to metals; however, it has lower ductility than met-
als, leading to predominantly brittle failure. To maximize
the performance of the braided composite energy absorbing
structure, a geometry that maximizes the accumulation of
damage in the laminate should be applied.

To effectively utilize the energy absorption principles of
the constituent materials, straight design, concave design,
and convex design were analyzed. Additionally, drop impact
tests were conducted to validate the structural characteristics.
Based on the test results, it is evident that the effectiveness
of geometric shapes in enhancing crashworthiness varies
according to the energy absorption principles of the con-
stituent materials. Metal energy absorbing structures require
geometric designs to maximize plastic deformation, and the
application of concave design effectively improves SEA (spe-
cific energy absorption) and CFE (crush force efficiency)
for the combined shear-compression loading. This improve-
ment is attributed to the structural characteristics of concave
design. Convex design exhibits enhanced CFE performance
similar to concave design, but with the same end-diameter,
height, and thickness, an increase in mass and volume leads
to reduced SEA performance. For braided composite energy
absorbing structures, utilizing straight design is sufficient to
maximize the laminate damage accumulation. By utilizing a
straight design, it is possible to induce initial crushing due
to shear failure at the ends and promote a progressive crush-
ing mode. When applying concave design or convex design,
the strength of the fiber is diminished as the central region
takes on a bent shape, leading to a weakening of the load-
bearing performance. Additionally, as the load is applied,
cracks induced by interaction between adjacent fiber bundles
occur, further compromising the load-bearing performance.
While SEA performance is consistently superior for braided
composite energy absorbing structures, E, (Energy absorp-
tion per unit volume) is consistently better for metallic energy
absorbing structures.

In summary, the change in the principles of energy absorp-
tion depending on the constituent materials leads to variations

in the geometry that can effectively utilize the material’s char-
acteristics. The selection of materials may vary depending
on the weights assigned to SEA and E,, and both metallic
material and braided composite can be effectively utilized
depending on applications.
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