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A B S T R A C T

Natural impact-resistant biomaterials, with ingenious and exquisite geometric configurations, have resistance
to external impact, and thus provide a perfect bionic example for the optimization design and crashworthiness
improvement of new thin-walled structures. Based on the configuration characteristics of hedgehog spine, this
paper designed the bulkheaded hedgehog spine thin-walled structure and studied the dynamic behavior of
thin-walled structures under axial and oblique impact compression by combining 3D metal printing, quasi-
static compression test and finite element simulation. The results show that the combined effect of the
ribs, inner walls and bulkheads of the bulkheaded hedgehog spine thin-walled structure effectively improves
its deformation coordination ability and crashworthiness. The specific energy absorption of the bulkheaded
hedgehog spine thin-walled structure under axial or oblique impact is about 4.1, 2.1 and 1.4 times that of the
single-wall cylinder, spider web and simplified hedgehog spine thin-walled structures, respectively.
1. Introduction

With high specific energy absorption and strength, thin-walled
structures can be used as efficient energy absorption devices [1,2].
Upon impact, thin-walled structures can, through irreversible plastic
deformation, absorb most of the kinetic energy of the impactor [3,4].
In order to effectively reduce the damage of collision to drivers and
key components, thin-walled structures have been widely used in en-
gineering equipment to improve the anti-impact performance thereof,
which may be represented by the buffer tube at the head or the carriage
connection of high-speed train [5], the energy absorption box at the
front of the car [6], the landing gear on the bottom of planetary
lander [7] and helicopter [8], etc. Energy-absorption devices in actual
service may withstand the impact of axial or oblique load [9,10].
The deformation modes and mechanisms of thin-walled structures are
different at different impact angles, making the oblique crashworthi-
ness of thin-walled structures lower than the axial crashworthiness
thereof [11]. Therefore, improving the crashworthiness of thin-walled
structures at different impact angles has attracted extensive attention
of researchers.

For single-wall structures with a regular polygon section, the energy
absorption of the structures is directly proportional to the number of
polygon sides, indicating that among all these structures, the single-
wall cylinder structure performs best in energy absorption [12]. The
section design of complex polygons such as star [13] or non-convex
polygons [14,15], can enhance the corner constraint of thin-walled
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structures. The improvement in the corner constraint makes such struc-
tures undergo more uniform progressive folding deformation upon axial
impact. Therefore, such structures have higher crashworthiness than
those with a regular polygon section, premised on the same number of
polygon sides.

For single-wall cylinder with uniform wall thickness, the reduc-
tion of radius–thickness ratio increases specific energy absorption but
reduces crushing force efficiency [16]. While for bamboo-like single-
wall cylinder with gradient wall thickness (Fig. 1(a)), specific energy
absorption and crushing force efficiency can be improved at the same
time, since the number of folds thereof is higher than that of single-
wall cylinder with uniform wall thickness during axial impact [17].
In addition, the design of double cylinder walls with approximate
diameters can enhance the mutual extrusion of both the inner and outer
walls in the process of folding, making the specific energy absorption of
double-wall cylinder [18] and double-wall square cylinder [19] higher
than that of corresponding type of single-wall cylinders.

Imitating the solid bulkhead between bamboo joints, the addition of
bulkheads in the non-convex 20-edge single-wall structure (Fig. 1(b))
can improve the specific energy absorption, mean crushing force, peak
crushing force and crushing force efficiency of 114%, 133%, 42% and
32% respectively [14]. The specific energy absorption and crushing
force efficiency of a double-wall cylinder can be increased to varying
degrees by incorporating 5 ribs with a conical section that simulate the
raptorial legs of mantis shrimp [26], 4 ribs with a X-shaped section that
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Fig. 1. Biomaterials and biomimetic thin-walled structures. (a) Bamboo-like single-wall cylinder with gradient wall thickness [17,20]; (b) Non-convex 20-edge single-wall structure
with bulkheads [14]; (c) Double-wall cylinder with X-shaped ribs [21,22]; (d) Hedgehog spine-like double-wall structure [23,24]; (e) Spider web-like double-wall structure [25].
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simulate bamboo (Fig. 1(c)) [21], or 22 ribs with a rectangular section
featuring transitional circular arc connection with the outer wall that
simulate the cross section of hedgehog spine (Fig. 1(d)) [23]. The
specific energy absorption of a double-wall regular hexagonal structure
incorporating ribs with a rectangular section that simulates spider
web is higher than that of a single-wall regular hexagonal structure
(Fig. 1(e)) [25].

The essence of improving the axial crashworthiness by changing the
configuration of section or increasing the number of cylinder walls is
to make thin-walled structures fold stably in the process of deformation
and enhance the interaction between the inner and outer cylinder walls,
so as to enlarge the areas for bearing and storage of energy through
deformation. As for double-wall cylinders, the aforesaid two improve-
ment mechanisms can be fulfilled at the same time by incorporating
an excellent design of ribs with a bionic section between the two
walls. Moreover, the bulkhead design can significantly improve the
axial crashworthiness of thin-walled structures by enhancing lateral
constraint to prevent uneven expansion and mitigate material failure.

The bionic design above can also improve the oblique crashwor-
thiness of thin-walled structures to varying degrees [11,26–28]. The
oblique crashworthiness of single-wall cylinder with gradient wall
thickness is higher than that of single-wall cylinder with uniform wall
thickness, and the specific energy absorption and peak crushing force
thereof have the largest percentage improvement at an impact angle
of 10◦ [11]. The crushing force efficiency of both double-wall regu-
lar hexagonal structure [27] and double-wall cylinder structure [28]
connected by ribs with a rectangular section are higher than those
of the single-wall versions thereof at each impact angle. The specific
energy absorption thereof have the largest percentage improvement
at an impact angle of 10◦, respectively 12% and 55% higher than
hose of the single-wall versions thereof. The oblique crashworthiness
f the double-wall cylinder connected by ribs with a rectangular section
s higher than that of the single-wall cylinder. The specific energy
bsorption, peak crushing force and crushing force efficiency thereof
ave the largest percentage improvement at an impact angle of 20◦,
espectively 224%, 31% and 43% higher than those of the single-wall
ylinder thereof [26].

In this paper, the bulkheaded hedgehog spine thin-walled structure
ill be created by simulating the configuration characteristics of the

ross and longitudinal sections of hedgehog spines. Then the aforesaid
tructure will be compared with the single-wall cylinder structure,
he spider web structure and the simplified hedgehog spine structure
escribed in relevant literatures in terms of axial and oblique crash-

orthiness, by using the 3D metal printing technology, the quasi-static S
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ompression test and the finite element simulation. The mechanism for
omprehensively improving the crashworthiness of the hedgehog spine
hin-walled structure by the configuration design of rib and bulkhead
ill be discussed by comparing the deformation modes and energy

torage of the above-mentioned four bionic thin-walled structures at
ifferent impact angles, with a view to providing new ideas for the
esign of new energy-absorption devices.

. Experiment and finite element simulation

.1. Thin-walled structure model

Fig. 2 illustrates the cross-sections of thin-walled structures: single-
all cylinder, spider web and simplified hedgehog spine, and a quarter

ection of the bulkheaded hedgehog spine thin-walled structure. The
atter three thin-walled structures have different internal structures,
nd their outer walls are a single-wall cylinder (Fig. 2(a)). The internal
tructures of the spider web and hedgehog spine structures have 6
ibs (Fig. 2(b)) and 22 ribs (Fig. 2(c) and (d)), respectively, the same
s the natural biological structures. The outer wall of the hedgehog
pine structure is connected to the ribs by an arc transition that is
angential to both adjacent ribs as well as to the outer wall. Based on
he simplified hedgehog spine thin-walled structure, according to the
xial characteristics of the real hedgehog spine [24], evenly distributed
ulkheads are added within the inner wall and between the inner and
uter walls respectively to obtain the bulkheaded hedgehog spine thin-
alled structure (Fig. 2(d)). The thicknesses of the bulkheads in the

nner wall and between the double walls are 0.78 mm and 0.26 mm,
espectively, and the spacings are 5.00 mm and 1.67 mm, respectively
Table 1). The thicknesses of the two kinds of bulkheads at the end
urface of the structure are 0.39 mm and 0.13 mm, respectively, only
/2 of those in the middle. For the four thin-walled structures, the axial
eight is 60.0 mm, the outer diameter of the outer wall is 30.0 mm, the
uter diameter of the inner wall circle or the diameter of the regular
exagonal outer circle is 15.6 mm, and the thickness of the inner walls,
he outer walls, and the ribs is 0.6 mm (Table 2).

.2. Sample preparation and quasi-static uniaxial crushing experiment

The three thin-walled samples of single-wall cylinder, spider web
nd simplified hedgehog spine (Fig. 3(a)) were prepared with a 3D
etal printer EP-250 with printing accuracy of 0.02 mm by using
elective Laser Melting technology. The printing material is aluminum
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Fig. 2. Cross sections of single-wall cylinder (a), spider web (b), and simplified hedgehog spine (c) thin-walled structures, and a quarter section of the bulkheaded hedgehog spine
thin-walled structure (d).
Fig. 3. Thin-walled specimens (a) and quasi-static compression test (b).
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Table 1
Thickness and spacing of the bulkheads.

Bulkheads in the inner wall Bulkheads between the double walls

Thicknesses (mm) Spacing (mm) Thicknesses (mm) Spacing (mm)

0.78 5 0.26 1.67

Table 2
Global dimensions of the four thin-walled structures.

Height (mm) Outer diameter (mm) Thickness (mm)

Outer wall Inner wall Walls and ribs

60.00 30.00 15.60 0.60

alloy AlSi10Mg powder, which is easily castable metal additive man-
ufacturing base material powder of low density and high strength.
The main printing parameters are as follows: laser power of 200 W,
scanning speed of 8 m/s and layer thickness of 30 um. According to
ASTM E9-2009 standard, quasi-static compression tests were carried
out on the samples using a LE5105 testing machine, and the moving
downward speed of the upper plate was 3 mm/min with a maximum
displacement of 50 mm (Fig. 3(b)). The maximum load of the testing
machine is 100 kN. When the test load is less than 1/100 of the sensor
range, the test accuracy is ± 0.5%. Before loading, the central axis of
he sample passes through the center of the upper plate and the support
n the testing machine. The upper plate of the testing machine was
djusted to be nearly in contact with the top face of the sample, and
isplacement and force sensors were reset to zero. At the same time,
he height and angle of the camera were adjusted so that the central
xis of the lens is perpendicular to the axial section of the sample
nd is located at the same height as the center of the sample. During
oading, the displacement sensor’s reading of the testing machine is the

isplacement of the upper plate, the force sensor’s reading is the force c

3

borne by the sample, and the sampling frame frequency was 10 s−1.
hree tests were conducted for each structure.

.3. Finite element simulation of quasi-static and dynamic impact crushing
rocess

The quasi-static and dynamic impact compression processes of
hin-walled structures were simulated using finite element software
BAQUS (Fig. 4). Based on the element size convergence results,
3D8R was generated by sweep mesh technique with element sizes of
.3 mm, and the element numbers of single-wall cylinder, spider web,
implified hedgehog spine and bulkheaded hedgehog spine samples
ere 137,400, 240,000, 516,800 and 773,407, respectively.

An elastic–plastic constitutive model was adopted, and the density
f 2.7 g/cm3, elastic modulus of 72 GPa, Poisson’s ratio 0.33, yield
trength of 260 MPa and tensile strength of 390 MPa of AlSi10Mg were
nput. Ignoring the strain rate effect of aluminum alloy materials [21,
5,29]. The failure and deletion of an element was simulated by the
uctile fracture failure criterion. The equivalent strain was defined as
2[(𝜀1 − 𝜀2)2 + (𝜀2 − 𝜀3)2 + (𝜀3 − 𝜀1)2]∕9, where 𝜀1, 𝜀2 and 𝜀3 are the

hree principle strains. When the material reaches the yield strength,
lastic deformation begins to occur. With the continuous accumulation
f plastic deformation, damage initiation occurs when the equivalent
train of a certain element reached the measured fracture strain value
.8, and the accumulated equivalent plastic strain is equal to 0.075.
hen the damage accumulates and the element is deleted when the
iven failure displacement of 0.02 mm is reached.

In the modeling process, the axis of the thin-walled structure is
erpendicular to the support, and its axis passes through the center
f the support. In the case of quasi-static compression, the bottom
urface of the structure is contact with the surface of the support. The
ncluded angle between the upper plate and the horizontal direction
s 𝜃 = 0◦, the loading rate is 𝑣 = 3 mm/min and the maximum
rushing displacement in the z direction is 50 mm. In the case of
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Fig. 4. Diagram of quasi-static and dynamic impact compression thin-walled structures.

mpact compression, the bottom surface of the structure is bound with
he surface of the support to prevent the sample from sliding along
he horizontal direction under the oblique impact load. The included
ngles between the upper plate and the horizontal direction are 𝜃 =

0◦, 10◦, 20◦ and 30◦, the impact speed is 𝑣 = 10 m∕s. According to
he ‘‘Test Method for Collapse of Automotive Energy Absorbing Box
omponents’’ provided by the Chinese Society of Automotive Engi-
eering [30] and existing reports on crashworthiness of thin-walled
tructures [11,26,29], the ratio of maximum crushing displacement to
ample height is about 0.6, the maximum crushing displacement in the
direction was determined to be 60 mm × 0.6 = 36 mm. Rigid body
odels were adopted for the upper plate and support. All degrees of

reedom of the upper plate except the z direction were constrained,
and the support was completely fixed. Furthermore, in order to avoid
unexpected penetration, self-contact was defined in areas where contact
may occur. All contact areas are set with hard contact along the normal
direction of the surface and surface friction along the tangent direction,
and the friction coefficient is 0.1.

3. Results and discussions

3.1. Quasi-static compression experiment and simulation

Fig. 5 shows the force–displacement curves of single-wall cylinder,
spider web and simplified hedgehog spine thin-walled structures under
quasi-static compression. It can be seen that the finite element simu-
lation results of the crushing force–displacement curves are basically
consistent with the contour and maximum value of the experimental
curves. The crushing force–displacement curves of the three samples
all showed a sharp increase at the initial stage, until the crushing
force reached the peak, then dropped rapidly, and finally entered the
platform fluctuation stage. Based on the crushing force–displacement
curve, the integral area under the curve corresponding to the crushing
displacement of 50 mm was calculated, and the energy absorbed by
the three samples was obtained. Among them, the experimental values
are 185.4 J, 803.1 J and 2343.7 J, respectively, and the simulated
values are 183.9 J, 795.6 J and 2408.7 J, respectively, with the relative
deviation of less than 3% from the experimental values.

Fig. 6 shows the configurations of three thin-walled structures dur-
ing quasi-static compression at five characteristic moments, namely, the
peak crushing force (□ in Fig. 5), the moment before element failure
(△ in Fig. 5), and the crushing displacement of 24.0 mm, 36.0 mm and
4

Fig. 5. Force–displacement curves of thin-walled structures under quasi-static
compression with speed of 3 mm/min.

50.0 mm respectively (◦ in Fig. 5). The single-wall cylinder and spider
web thin-walled structures present a curling fracture mode. At the
initial stage of compression, the crushing force increases continuously
until one end of the cylinder wall buckles, and the crushing force
reaches its peak. With element failure occurring at the buckling area,
the crushing force decreases continuously. Then curl fracture gradually
spreading to the other end, the crushing force enter the platform fluc-
tuation until the whole structure collapses (Figs. 5 and 6(a)–(b)). The
simplified hedgehog spine thin-walled structure presents an expansion
fracture mode (Figs. 5 and 6(c)). At the initial stage of compression,
the crushing force increases continuously until the middle part of the
cylinder wall expands unevenly transversely and the crushing force
reaches its peak. As the expanding area produces transverse cracks and
fracture, the crushing force decreases continuously. Subsequently, the
end part of the sample collapses and folds, leading to the slow increase
in the crushing force. It can be seen that the configurations of the three
thin-walled structures obtained by finite element simulation during
quasi-static compression are in good agreement with the experimental
configurations.

Therefore, in the case of quasi-static compression, the finite el-
ement simulation results and the experimental results have a high
degree of agreement for the force–displacement curve characteristics,
the value of absorbed energy, the compression process and the final
collapse morphology, which verifies the effectiveness of the finite
element simulation in this paper.

3.2. Crashworthiness of thin-walled structures

Fig. 7 shows the crushing force–displacement curves of four thin-
walled structures under dynamic impact compression. It can be seen
from all such crushing force–displacement curves that the crushing
force declines to varying degrees after reaching the peak, and finally
enters the fluctuating platform stage; both the peak value and fluctuat-
ing platform of the crushing force decline with the increase of impact
angle.

The parameters for quantitative characterization of the crashwor-
thiness of thin-walled structures, namely specific energy absorption
(SEA), mean crushing force (MCF ), peak crushing force (PCF ) and
crushing force efficiency (CFE), can be obtained based on the crushing
force–displacement curves [26,29]. The energy absorbed by a thin-
walled structure corresponding to a certain crushing displacement can
be obtained by calculating the area integral of the crushing force–
displacement curve concerned within the interval from 0 to the certain

crushing displacement. The energy absorbed by a unit structure mass,
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Fig. 6. Configuration evolution of thin-walled structures during quasi-static compression. (a) Single-wall cylinder; (b) Spider web; (c) Simplified hedgehog spine. For each structure,
the first and second rows are the experimental and simulation results, respectively.

Fig. 7. Force–displacement curves of thin-walled structures under dynamic impact compression. (a) Single-wall cylinder; (b) Spider web; (c) Simplified hedgehog spine; (d)
Bulkheaded hedgehog spine.
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Fig. 8. Crashworthiness of thin-walled structures with crushing displacement of 36 mm. (a) Specific energy absorption; (b) Mean crushing force; (c) Peak crushing force; (d)
Crushing force efficiency.
namely SEA, can be obtained by dividing the total energy absorbed by
he structure by the mass of the structure. The average force of the
tructure in the process of fold formation, namely MCF, can be obtained

by dividing the total energy absorbed by the crushing displacement.
The maximum value of crushing force in the process of impact and the
ratio of mean crushing force to peak crushing force are referred to as
PCF and CFE, respectively.

All the three crashworthiness indicators of the four thin-walled
structures, namely SEA, MCF and PCF, decrease with the increase
of impact angle, and those of the bulkheaded hedgehog spine thin-
walled structure are the highest at each impact angle (Fig. 8(a)–(c)).
Under axial impact, the SEA of bulkheaded hedgehog spine thin-walled
tructure is 4.0, 2.2 and 1.3 times that of single-wall cylinder, spider
eb and simplified hedgehog spine thin-walled structures, the MCF is

20.0, 5.8 and 1.8 times that of the three structures, and the PCF is 7.2,
3.1 and 1.3 times that of the three structures. Under oblique impact,
the SEA of the bulkheaded hedgehog spine thin-walled structure is
4.1, 1.9 and 1.5 times at most that of single-wall cylinder, spider
web and simplified hedgehog spine thin-walled structures, the MCF is
20.7, 4.9 and 1.7 times at most that of the three structures, and the
PCF is 18.5, 6.6 and 1.6 times at most that of the three structures,
respectively. Obviously, under the compression of axial or oblique
impact, the bulkhead-based hedgehog spine design can significantly
increase the MCF of thin-walled structure to obtain the maximum SEA,
while effectively avoiding the potential damage of impact acceleration
arising from excessively high PCF to drivers.

Under the compression of axial and oblique impacts, the CFE of the
bulkheaded hedgehog spine thin-walled structure is 71% ± 5%, indicat-
ing that the value is higher and fluctuates more slightly with the change
of impact angle, while the CFE of the other three thin-walled structures
fluctuate more violently as the impact angle changes (Fig. 8(d)). At
the same impact angle, the CFE of the bulkheaded hedgehog spine
thin-walled structure is higher than that of single-wall cylinder and
6

simplified hedgehog spine thin-walled structures, respectively 2.7 and
1.5 times that of the latter two structures under axial impact, and 1.6
and 1.4 times at most under oblique impact. The CFE of the spider web
thin-walled structure is 65% ± 23%, fluctuating most violently with
the change of impact angle among the four structures. As compared
with bulkheaded hedgehog spine thin-walled structure, the CFE of the
spider web thin-walled structure is lower under axial impact or at the
impact angle of 30◦, though higher at the impact angle of 10◦ or 20◦. In
other words, the bulkheaded hedgehog spine thin-walled structure can
maintain a high and stable CFE at different impact angles, indicating
that compared with the other three structures, such structure shows
better crushing force uniformity and more uniform deformation.

Ingenious bionic structure designs can significantly improve the
crashworthiness of thin-walled structures under axial or oblique im-
pact. Among the four thin-walled structures introduced in this paper,
the bulkheaded hedgehog spine thin-walled structure performs best
in bearing and energy absorption, much better than the other three
structures, followed by the simplified hedgehog spine, spider web and
single-wall cylinder thin-walled structures in sequence.

3.3. Configuration evolution under impact compression

The failure modes of the four thin-walled structures under axial
impact compression are similar with those under quasi-statistic axial
compression. Specifically, the single-wall cylinder and spider web thin-
walled structures both present the failure mode of curling fracture
(Figs. 9(a) and 10(a)), in which the upper end of cylinder wall first curls
to fracture and the fracture gradually spreads downward, finally mak-
ing the upper part of the structures crushed and failed. The fractured
cylinder walls of the aforesaid two structures respectively present larger
petal-like curls and smaller sliver-like curls. The simplified hedgehog
spine thin-walled structure presents the failure mode of expansion

fracture (Fig. 11(a)), with the fractured end parts of the cylinder wall
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Fig. 9. Configuration and strain energy distribution evolution of single-wall cylinder
during impact compression. The impact angles are 0◦ (a), 10◦ (b), 20◦ (c), and 30◦

(d), respectively.

crushed and folded after the middle part thereof expands to fracture.
The bulkheaded hedgehog spine thin-walled structure presents the
failure mode of expansion-shear fracture (Figs. 7(d) and 12(a)). At the
initial stage of compression, the lateral expansion of cylinder body is
more uniform than that of the simplified hedgehog spine thin-walled
structure, the crushing force constantly increased until reaching the
peak. After shear fracture occurs at the end parts of the cylinder wall,
the crushing force decreases continuously. Finally, the fractured parts
squeeze each other, causing the crushing force to rise significantly.

Under oblique impact, the structures withstand axial pressure and
shear force simultaneously, with the plate firstly contacting a side
of the sample top and the part of cylinder wall in the contact area
being pressed. At a smaller impact angle, in the contact area of single-
wall cylinder (Figs. 7(a) and 9(b)–(c)) or spider web (Figs. 7(b) and
10(b)–(c)) thin-walled structures, the cylinder wall curls inwards the
structure until element failure occurs and the cylinder wall fractures
with the crushing force reaches the peak. Then the part of cylinder
wall at the side far from the flat panel curls and fractures outwards,
resulting in a decrease in the crushing force of the single-wall cylinder.
Under the action of ribs, the crushing force of the spider web directly
enters platform fluctuation stage. Finally, the upper part of the two
structures curls to fracture, with the curling degree of cylinder wall
featuring petal-like or sliver-like fracture higher than that under axial
impact. In the contact area of the simplified hedgehog spine thin-walled
structure (Figs. 7(c) and 11(b)), the cylinder wall collapses inwards
and element failure occurs with the crushing force reaches the peak.
Then the cylinder body in the contact area is gradually crushed axially
leading crushing force decreases. With the part thereof at the side far
from the flat panel separated after being sheared to fracture, and the
inner wall curling inwards and the ribs and outer wall curling outwards
respectively without any folding, the crushing force continues to rise.
7

Fig. 10. Configuration and strain energy distribution evolution of spider web thin-
walled structure during impact compression. The impact angles are 0◦ (a), 10◦ (b), 20◦

(c), and 30◦ (d), respectively.

Fig. 11. Configuration and strain energy distribution evolution of simplified hedgehog
spine thin-walled structure during impact compression. The impact angles are 0◦ (a),
10◦ (b), 20◦ (c), and 30◦(d), respectively.
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Fig. 12. Configuration and strain energy distribution evolution of bulkheaded hedge-
hog spine thin-walled structure during impact compression. The impact angles are 0◦

a), 10◦ (b), 20◦ (c), and 30◦(d), respectively.

he bulkheaded hedgehog spine thin-walled structure slightly obliques
nd bends overall (Figs. 7(d) and 12(b)), the crushing force reaches
he peak. With the bottom part of cylinder body at the side far from
he flat panel being pressed until element failure occurs, followed by
ore severe compression deformation in this area and finally overall

uckling, the crushing force reduces linearly.
At a larger impact angle, for single-wall cylinder (Figs. 7(a) and

(d)) or spider web (Figs. 7(b) and 10(d)) thin-walled structures, the
art of cylinder wall in the contact area and that at the side far
rom the plate curl to fracture to varying degrees. The bottom of the
ingle-wall cylinder is local buckling, and the crushing force has no
ignificant change. While the bottom of the spider web thin-walled
tructure breaks and causes the cylinder overall obliqueness, which
reatly reduce the crushing force after the peak. The part of cylinder
all in the contact area of the simplified hedgehog spine thin-walled

tructure collapses inwards (Figs. 7(c) and 11(c)–(d)), followed by local
uckling at the sample bottom before gradual crushing of the cylinder
ody and significant obliqueness of the two parts that the cylinder body
s axially sheared into, which makes the crushing force decrease and en-
er the platform stage. In the contact area of the bulkheaded hedgehog
pine thin-walled structure (Figs. 7(d) and 12(c)–(d)), the cylinder body
lso collapses inwards and element failure occurs, and then the cylinder
ody slightly obliques, with the bottom part of cylinder body at the side
ar from the flat panel being pressed, accompanied by element failure
nd local buckling, making the structure significantly oblique without
ny overall fracture failure, leading to the crushing force to reach the
eak and then reduce slowly.

The configuration evolution modes of the four thin-walled struc-
ures can significantly affect the crashworthiness thereof at each impact
ngle. With poor constraint capability, the cylinder wall of the single-
all cylinder structure curls to fracture in large area in the process of

ompression deformation, and thus fails to continuously participate in
earing, making the single-wall cylinder structure least crashworthy,
econded by the spider web thin-walled structure, whose cylinder wall
as mitigated degree of curling to fracture thanks to the enhanced

onstraint due to additional inner wall and ribs. With further enhanced
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onstraint capability, the cylinder wall of the simplified hedgehog
pine thin-walled structure can continue to participate in bearing even
fter fracture, making it more crashworthy than the aforesaid two
tructures. With its cylinder wall being free of curling or axial fracture,
he bulkheaded hedgehog spine thin-walled structure can participate
n bearing as a whole, and thus has the best crashworthiness. Under
blique impact, especially in case of large impact angles, the cylinder
all fracture and failure mode of the four thin-walled structures may
e gradually transformed into overall obliqueness arising from local
uckling, accompanied by greatly reduced bearing capacity, making
he crashworthiness of these structures under oblique impact than that
nder axial impact.

.4. Comparative analysis for collapse modes

Geometrical configuration can significantly affect the failure mode
f thin-walled structures under impact compression. The cylindrical
rea within the outer wall of thin-walled structures may be divided
nto multiple unconnected cavities by the inner wall, ribs, bulkheads or
thers. The smaller the cavities are, the less likely the cylinder wall is
o undergo local buckling, and the earlier the contact between different
arts of the cylinder wall will take place in the process of folding or
urling, which can restrain deformation. The stronger the structures’
esistance against deformation is, the shorter the folding wavelength
ill be.

Fig. 13 shows the axial profiles of the four thin-walled structures,
epresenting the folding or curling form of the cylinder wall thereof
t the crushing displacement of 36 mm. In the process of impact
ompression, the thin-walled structures gradually collapse with the
ylinder wall thereof gradually folding or curling. The point with the
mallest curvature radius of bending on the cylinder wall is referred to
s a plastic hinge, and the linear distance between two adjacent plastic
inges is denoted as folding wavelength [13,25]. Premised on the same
rushing displacement, the shorter the folding wavelength is, the more
lastic hinges are formed per unit length of the axial section of the
ylinder wall. The more uniform the deformation of the thin-walled
tructure is, and the more material is involved in deformation.

Among the four thin-walled structures, the single-wall cylinder
tructure has the largest axial run-through cavities. Under axial or
blique impact, the upper half of the cylinder wall freely curls in
he cavities, without restraining deformation, leading to the longest
olding wavelength and the poorest bearing and energy absorption
erformance. As the impact angle increases, the folding wavelength
ncreases, and less material is involved in deformation. Besides, at a
arger impact angle, the cylinder body may tilt slightly, thus resulting
n the decrease of MCF and SEA (Fig. 13(a)).

The cylinder cross section of the spider web thin-walled structure is
divided into a hexagon combines with multiple fan-shaped sections by
the inner wall and ribs of the structure. The upper half of the cylinder
wall mainly curls in smaller axially run-through cavities, leading to
enhanced constraint of the cylinder wall and second longest folding
wavelength, making the spider web thin-walled structure more crash-
worthy than the single-wall structure at the same impact angle. As the
impact angle increases, the folding wavelength increases, and the MCF
and SEA decrease. Besides, at a larger impact angle, local buckling
at the bottom and significant obliqueness of the structure occur, thus
resulting in a significant decrease of MCF and SEA (Fig. 13(b)).

The cross section of the inner wall of the simplified hedgehog
spine thin-walled structure is circular and has more ribs. The ribs are
connected with the outer wall of the structure through transitional
arcs, and the arc is simultaneously tangent to the adjacent two ribs
and the outer wall. The annular section between the inner and outer
cylinder walls is divided into smaller hammer-shaped sections, the
axially run-through cavities are further downsized, and the constraint
of the cylinder wall is further enhanced, thus shortening the folding
wavelength of the lower half of folded cylinder wall under axial impact
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Fig. 13. Axial profiles of the thin-walled structures with crushing displacement of 36 mm. (a) Single-wall cylinder; (b) Spider web; (c) Simplified hedgehog spine; (d) Bulkheaded
hedgehog spine. Where, the yellow circles represent the plastic hinge, and the linear distance between two adjacent plastic hinges is the folding wavelength.
and the curled inner wall under oblique impact at a small angle, making
the simplified hedgehog spine thin-walled structure more crashworthy
than the aforesaid two structures. At larger impact angles, no folding
or curling occurs after the upper cylinder wall collapses inwards, while
the cylinder body is axially sheared to fracture, followed by buckling
at the bottom and significant obliqueness of the structure as a whole,
resulting in a significant decrease of MCF and SEA (Fig. 13(c)).

Lateral bulkheads are added to the bulkheaded hedgehog spine
thin-walled structure, which further divide the hammer-shaped axially
run-through cavities between the inner and outer walls and the colum-
nar axially run-through cavity within the inner wall into smaller closed
cavities, thus preventing the cylinder wall from folding or curling.
Under axial impact, the sample presents more uniform expansion, with
the two end parts that the cylinder wall is axially sheared and fractured
into pressing each other. Under oblique impact, despite buckling at
the bottom, the axial shear and fracture identified in the simplified
hedgehog spine thin-walled structure can be effectively avoided, thus
maintaining good structural integrity. The involvement of more ma-
terial in bearing against deformation makes the MCF and SEA of the
bulkheaded hedgehog spine thin-walled structure gradually decrease
with the increase of impact angle, but still much higher than those of
the other three structures (Fig. 13(d)).

3.5. Strain energy analysis

During the impact process, the energy absorbed by the thin-walled
structure is mainly stored in the form of strain energy and the rest
of the energy is dissipated as kinetic energy and friction energy. The
strain energy stored in the four thin-walled structures and their internal
components under the crushing displacement of 36 mm was calculated
and divided by the mass of the structure to obtain the strain energy–
mass ratio of the whole structure and its components. Similar to SEA,
with the increase of impact angle, the strain energy–mass ratio of
9

the four thin-walled structures and their components decreases, but
at all impact angles, the strain energy–mass ratio of the bulkheaded
hedgehog spine thin-walled structure is the highest among the four
structures (Fig. 14).

The strain energy–mass ratio of bulkheaded hedgehog spine thin-
walled structure under axial impact is 4.5, 2.8 and 1.4 times that of
single-wall cylinder, spider web and simplified hedgehog spine thin-
walled structures, and is 4.6, 2.3 and 1.5 times at most that of the three
thin-walled structures respectively under oblique impact (Fig. 14(a)).
The single-wall cylinder only has the outer wall. Under different im-
pact angles, the strain energy–mass ratio of outer wall of spider web,
simplified hedgehog spine and bulkheaded hedgehog spine thin-walled
structures are similar to that of the single-wall cylinder, but their per-
centages of the strain energy–mass ratio of the corresponding structure
decrease in turn, i.e., 52%, 39% and 28%, respectively (Fig. 14(b)).
Except for single-wall cylinder, the three structures all contain inner
wall and ribs. Under all impact angles, the strain energy–mass ratio
of the inner wall and ribs of the bulkheaded hedgehog spine thin-
walled structure is the highest, which is 3.1 and 1.3 times that of spider
web and simplified hedgehog spine thin-walled structures under axial
impact, and is 2.8 and 1.3 times at most that of these two structures
under oblique impact, respectively (Fig. 14(c)). In addition, the strain
energy–mass ratio of the bulkheads of bulkheaded hedgehog spine is
slightly lower than its outer wall and far lower than that of its inner
wall and ribs (Fig. 14(d)). Therefore, different configuration design has
little influence on the energy storage performance of the outer wall
of thin-walled structures, but has significant influence on the energy
storage performance of the inner wall and other components. The
design of inner wall and rib of hedgehog spine makes the strain energy–
mass ratio of the inner wall and ribs of two hedgehog spine thin-walled
structures is higher than that of the spider web thin-walled structure.
The bulkhead plays a weak role in deformation energy storage and
mainly improves the energy storage performance of the inner wall and
ribs component.
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Fig. 14. Strain energy/Mass of thin-walled structure and its components with crushing displacement of 36 mm. (a) Whole structure; (b) Outer wall; (c) Inner wall and ribs; (d)
Bulkheads.
Fig. 15 shows the strain energy distribution of the four thin-walled
structures along the axial direction with crushing displacement of
36 mm. Divide the structure along the axis into 30 equal parts. For
each equal part, count the sum of strain energy of all elements in each
structure, and divide the sum by the mass of the equal part to get the
strain energy per unit mass of each equal part. The normalized position
coordinates are obtained by dividing the axial distance from each equal
part midpoint to the upper surface of the structure by the axial height
60 mm.

Under different impact angles, the strain energy per unit mass of the
failure regions such as fracture and buckling in the thin-walled struc-
ture is higher. With the increase of impact angle, the strain energy per
unit mass in failure area decreases. For single-wall cylinder structure,
the strain energy per unit mass in failure region is the lowest, and that
in other regions is almost 0, indicating the weakest energy absorption
performance of the structure (Fig. 15(a)). For spider web thin-walled
structure, the strain energy per unit mass in the failure region is higher
than that of single-wall cylinder, while the value in other regions
is also almost 0, making the energy absorption performance better
than that of the single-wall cylinder (Fig. 15(b)). For the simplified
hedgehog spine thin-walled structure, the strain energy per unit mass
of the failure region under axial and small impact angle is much higher
than the previous two structures, which makes the energy absorption
performance higher. However, the strain energy per unit mass of failure
region under larger impact angles is similar to that of the spider web
thin-walled structure, while that of other regions is relatively low,
resulting in a significant reduction in energy absorption performance
at these impact angles (Fig. 15(c)). For the bulkheaded hedgehog spine
thin-walled structure, the strain energy per unit mass of the failure
region under axial and small impact angle is similar to that of the
simplified hedgehog spine, and the strain energy per unit mass of other
region is much higher than that of single-wall cylinder and spider

web thin-walled structures. In addition, the strain energy per unit
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mass of the failure region under larger impact angles is much higher
than that of the other three structures, which makes the bulkheaded
hedgehog spine thin-walled structure have the best energy absorption
performance under different impact angles (Fig. 15(d)). It can be seen
that under axial and oblique impact, the energy storage performance of
the failure region of bulkheaded hedgehog spine thin-walled structure
is much higher than that of the other three structures, and other areas
also play an excellent role in energy storage, indicating that more
materials in the structure participate in deformation, thus significantly
improving the overall energy absorption capacity.

4. Conclusion

In this paper, the bulkheaded hedgehog spine thin-walled structure
is designed by simulating the configuration characteristics of the cross
and longitudinal sections of hedgehog spines. Such structure is com-
pared with the single-wall cylinder, spider web and simplified hedge-
hog spine thin-walled structures in terms of axial and oblique crash-
worthiness, by using the 3D metal printing technology, the quasi-static
compression test and the finite element simulation. In addition, the
mechanism for comprehensively improving the crashworthiness of the
bulkheaded hedgehog spine thin-walled structure by the configuration
design is discussed. The following conclusions can be drawn:

Under axial and oblique impacts, the bulkheaded hedgehog spine
thin-walled structure has more material involved in energy storage than
the other three structures. In terms of energy storage, the structure’s
failure area performs better while the other areas also have good
performance, which endows the structure with a high specific energy
absorption under impact compression, respectively 4.0, 2.2 and 1.3
times that of the other three structures, and 4.1, 1.9 and 1.5 times at
most of that of the other three structures under oblique impact.

The bionic configuration design of the bulkheaded hedgehog spine

thin-walled structure can, through enhancing the constraint of the
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Fig. 15. Distribution of strain energy per unit mass of the thin-walled structure along the axial direction with crushing displacement of 36 mm. (a) Single-wall cylinder; (b) Spider
web; (c) Simplified hedgehog spine; (d) Bulkheaded hedgehog spine.
structure’s cylinder wall, change the structure’s configuration evolution
and failure mode in the process of impact compression. Therefore,
curling fracture under axial impact and shear fracture under oblique
impact can be avoided, demonstrating the structure’s great deformation
coordination, thus significantly increasing the mean crushing force at
different impact angles and achieving high and stable crushing force
efficiency.

The bulkheaded hedgehog spine thin-walled structure has better
axial and oblique crashworthiness than the existing thin-walled struc-
tures. However, it cannot be prepared with the existing 3D printing
technology. Therefore, the next step is to continue to improve the con-
figuration on this basis, in order to obtain the thin-walled structure with
high crash resistance that can be prepared for practical application.
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