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Abstract

This paper aims to investigate quasi-static and low-velocity impact responses of three manufactured bio-inspired
hybrid multi-cell aluminum and polypropylene (Al/PP) sandwich tubes experimentally and numerically. The
configurations are inspired by biological structures such as the horsetail, human tendons, and spongy bone. The
crushing characteristics and axial collapse of sandwich tubes are discussed and compared with the quasi-static axial
behavior of single Al and PP tubes. Further investigations, based on the accuracy of simulation results of the tested
specimens, using the commercial nonlinear LS-DYNA software, on the effects of inner tubes diameter and material
permutation are perceived through the full-factorial approach of FE parametric study. The results revealed that,
packing the Al and PP tubes as hierarchical tubes generally improves the crushing patterns of individual hollow tubes.
Also, specimens with aluminum and polypropylene cores have the highest amount of specific energy absorption under
quasi-static and low-velocity impact loading, respectively. Finally, considering the interaction effects between the
sandwich tube components, it can be seen that sandwiching single hollow tubes generally improves important
crashworthiness indicators like peak crush force, crush force efficiency, energy absorption, and specific energy

absorption when compared to the sum of these parameters in single hollow tubes.

Keywords: polypropylene, sandwich tube, bio-inspired, hybrid, energy absorber, interaction effect.


mailto:ghlia530@modares.ac.ir

1. Introduction

In recent years, demand for light energy absorbers with high energy absorption capacity has increased in the
aerospace [1], transportation [2], submarine [3], civil engineering [4], and oil and gas pipeline industries [5]. As an
effective energy-absorbing element, thin-walled structures have been widely used in the aforementioned industries
due to their high energy absorption to weight [6-9]. In thin walled members, the kinetic energy is dissipated by gradual
deformation of the structure at the collision, and only a small amount of force is imparted to the occupants [10-13].
Geometry and material properties are the most important factors for designing thin-walled energy absorbers [13-16].
Over the last decades, the axial static and dynamic deformation behaviors and laws of metallic thin-walled tubes have
been the subject of many previous theoretical [17-19], numerical [20-22], and experimental studies [23-26]. Among
metal materials, aluminum alloys have been extensively used to design thin-walled tubes of various shapes because
of their high strength to weight, excellent load-carrying capacity and low cost [27-29]. However, it is noteworthy the
mass of typical lightweight metallic energy absorbers can hardly be further reduced. Therefore, in recent decades, the
use of other materials such as composite and thermoplastic materials with good energy absorption properties has
increased. Thermoplastics like polypropylene have several attractive properties. They are impact resistant, lightweight,
reasonably low cost, easy to construction, renewable, strain rate sensitive, temperature-sensitive, sustainable, and
depending on the environment and additives [30-38]. Therefore, the interest of different industries in using such
materials in structural and safety parts has grown. For example, the use of thermoplastic polymers for padding
applications in the automotive sector has recently increased and motivated by various safety regulations, including the
FMVSS (Federal Motor Vehicle Safety Standard) for in-vehicle collisions and the FMVSS 581 and ECE-R 42
(European regulations) for a passive bumper. However, to comply with these standards, thermoplastic materials must
be designed in complex structures that, in the event of an impact, reduce the specified speed and are not harmful to

occupants [30, 36].

As mentioned before, the cross-section configuration of thin-walled tubes is one of the most important factors of
energy absorber design [14-16]. Many researchers have studied thin-walled tubes with various cross-sectional
configurations to see if they may boost energy absorption [39-42]. For instance, Nia and Hamedani [43] compared the
performance of thin-walled tubes with circular, square, triangular, and conical sections under axial quasi-static

loading. They found that a tube with a circular section has the highest specific energy absorption. Circular tubes'



excellent energy absorbing capacity is mainly attributed to their series of diverse crushing failure
modes, including multiple forms of folding mode, hinging, and plastic deformation [44]. Andrews et al. [45]
experimentally investigated the quasi-static axial crushing modes of circular Al alloy tubes. Four failure categories
were classified as concertina mode, diamond mode, mixed-mode, and Euler mode. Guillow et al. [46] systematically
classified the effects of length-to-diameter (L/D) and diameter-to-thickness (D/t) ratio on quasi-static and dynamic

axial crushing behaviors of circular aluminum and steel tubes.

However, single-cell thin-walled metal tubes under axial loading have some disadvantages, such as high initial peak
force, low energy absorption efficiency, and impact instability. Therefore, several methods have been tried to improve
structural energy absorption, such as multi-corner, multicellular structures, and the use of fillers such as foam,
introduced in thin-walled structures [8, 28, 47, 48]. The internal filling is an effective way to reinforce the structure.
For lightweight design, low-density fillers, such as polymeric and metallic foams, have demonstrated the considerable
potential to increase further energy absorption, which has drawn increasing interest recently [49, 50]. On the other
hand, previous studies on multicellular structures with different cross-sections show that these structures, due to the
interaction between their components, in addition to better energy absorption, reduce the initial peak force compared
to single-cell tube [51, 52]. For instance, Kim [53] has proposed innovative multi-cell profiles with an additional
square element at each corner of a square column. In this study, an analytical solution for the mean crushing force was
extracted, and the optimization process was performed to maximize the SEA successfully. According to the results,
the amount of SEA in the new multi-cell structure has increased by 190% compared to the normal square column.
Vinayagar and Kumar [10] have studied the crash performance of thin-walled tubular structures, including an outer
circular tube and an inner tube with different sections. The results of this research, which has been performed as a
quasi-static experimental test, show that configuration with hexagonal inner tube due to the greater number of corners
have a greater ability to absorb energy. Wang and Liu [©£] used circular aluminum tubes in the honeycomb structure
as the core. They concluded that the new honeycomb structure's load-bearing capacity and energy absorption increased
compared to the honeycomb structure without the aluminum core and the structure's buckling behavior was also
improved. In a study by Liu et al. [55] the impact behavior of a star core sandwich tube was investigated, they showed
that the interaction between the components in the sandwich tube can significantly increase its crashworthiness as well
as energy absorption. They also showed that the mean crush force in the new design is 25% higher than that of star-

shaped tube.



Although these cited studies have exhibited significant energy absorption capacity, the structures have not yet been
optimized. To further improve energy absorption capacity, scientists and engineers have tried to learn from biological
structures-like, horsetail [56], bamboo [57], tendon [58], and human vessel [4], which, through years of evolution,
have optimized their structure to adapt to various extreme environments. For instance, Zhang et al. [47] proposed a
group of bionic multicellular tubes (BMCTSs) inspired by the microstructure of beetle front wings. This study was
performed using LS-DYNA's explicit FE code and then validated with the super-simplified fold element theory
(SSFE). The results show that BMCTs showed superior crashworthiness to traditional multi-cell structures. J Hirsch
[59] performed an experimental and numerical study on simple and fractal hierarchical structures inspired by spider
webs and showed that the energy absorption of hierarchical fractal design under dynamic loading is better than the
design of simple hierarchical, and also the second order fractal hierarchical structure (FS2) has optimal
crashworthiness capability. Xiao Y et al. [56] have studied the multicellular structure inspired by the horsetail under
axial loading with LS-DYNA software. The results show that the number of cells, inner wall diameter, and wall
thickness of HBTS have significant effects on it has HBTS failure rate and among 6 different modes, the 16-cell
geometry with the highest number of cells has the best performance in energy absorption. Liang et al. [44] considered
hierarchical structures inspired by the outer layer of bone used a compression, quasi-static test to examine the
properties of crushing, axial collapse, and energy absorption behaviors, mostly with hollow tubes Al circles are
compared. In this research, five different configurations of hierarchical tubes with CFRP and aluminum hollow tubes
have been designed. The results show that the multicellular tubes are subjected to a special progressive fold collapse
and increased the energy absorption capacity of aluminum tubes, but also significantly stabilize the folding process of

these tubes.

In our previous work [16], which was devoted to evaluating the energy absorption performance of hybrid
multicellular sandwich tubes inspired by bio Al / GFRP with hierarchical cores, the results show that full composite
sandwich tubes have the highest specific energy absorption compared to other specimens under quasi-static and low-
velocity impact axial loading. In addition, the comparison between the collapse mechanisms in aluminum and
composite tubes in each sandwich tube with its similar individual tube under quasi-static loading shows that the
defined structure improves the collapse mechanisms in aluminum and composite tubes. Continuing the previous work,
in the present study, for the first time, pure polypropylene tubes due to the ability of folding and axial collapse along

with aluminum tubes, sensitivity to strain rate, impact resistance, easier construction, low cost, short manufacturing



time, and 100% recyclability has been used instead of composite tubes. The aim of this study was to investigate the
energy absorption and axial collapse of hybrid multi-cell aluminum and polypropylene (Al/PP) sandwich tubes
inspired by the structure of horsetail, human tendons and spongy bone under quasi-static axial load and low velocity
impact (Shown in Figure 1). The energy absorption characteristics and collapse mechanisms of sandwich tubes have
been compared with each other under quasi-static and low-velocity impact. Also, LS-DYNA commercial non-linear
software is used to simulate the crashworthiness behavior of the fabricated sandwich tubes. Moreover, a parametric
study has been conducted. The effect of the diameter of the internal and core tubes and the effect of the material used
in each geometry in full factorial approach on energy absorption parameters has been investigated, relying on the
accuracy of simulation of laboratory specimens. Finally, to understand the interaction effects between the components
of each sandwich tube, the results of the defined parameters for each specimen are compared with the sum of individual

components of that sample.

Figure 1

2. Experimental procedure:

2.1  Structural description:

In this study, axial crushing behavior and energy absorption of three hybrid multi-cell aluminum/polypropylene
(Al/PP) and full-polypropylene hierarchical sandwich tubes (second-order) with similar circular cross-sections
inspired by structural patterns of the horsetail, human tendons and spongy bone. For this purpose, three similar
sandwich tubes are considered with various material permutations for their components (core, internal, and external
tubes). Eight PP tubes are embedded between external and internal tubes in all three specimens as core components.
As shown in Figure 1, core, internal, and external tubes, regardless of their material, have external diameters of 21,
35, and 82 mm, respectively. Also, the thickness of walls in Al and PP tubes is 1 and 1.5 mm, respectively, and the
height of all tubes is designated to be 90 mm. Al and PP tubes primarily underwent machining for producing specimens
of mentioned dimensions. The specimens are labeled using three-letter codes, which denote the external, the core, and
the internal tube materials. Also, the letters A and P represent the aluminum and polypropylene components of the
sandwich structure, respectively. For example, the code APP stands for a specimen composed of an external Al tube,

an internal PP tube, and its core including eight PP tubes.



2.2 Materials:

Sandwich tubes comprise of aluminum (Al) and polypropylene (PP) components. Al tubes are extruded from
aluminum alloy 6061-T6, a lightweight alloy with high strength. The mechanical properties of this alloy are obtained
by performing ASTM-E8/M tension tests. According to the results, density, Poisson’s ratio, elastic modulus, and yield
stress are 2700 kg/m3, 0.33, 70 GPA, and 260 MPa, respectively. PP tubes, because of their high impact resistance,
lightweight, folding capability are used along with aluminum tubes. To obtain mechanical properties and stress-strain
curve of PP tubes, they are tested according to ASTM D638 Type-I standard. These tubes' stress-strain curves and

other mechanical properties are presented, respectively, in Figure 2 and Table 1.

Figure 2

Table 2

2.3  Test Procedure:

Quiasi-static compression and low-velocity impact tests were carried out to evaluate the energy absorption capacity
and crushing behavior of single Al and PP tubes and sandwich tubes under axial loading. Tests are conducted three
times for each material permutation to ensure the reliability of results obtained for all single tubes under quasi-static
loading and each sandwich tube under both loading conditions. Because of temperature effects on polypropylene,
specimens are tested in an environment with a uniform temperature of 25 °C. The results obtained for each sample are
averaged over three consecutive tests of each specimen. Ultimately, the energy absorption capability of single and
sandwich tubes are assessed based on crack propagation behaviors, failure mechanisms, and force-displacement

responses captured from both tests.

2.3.1  Quasi-static compression test:

A Universal Testing Machine (UTM) with a load cell capacity of 300 kN is used (shown in Figure 3(a)) for
conducting quasi-static axial compression tests on single Al and PP tubes and hierarchical sandwich tubes. In the
compression test, specimens are located between two up and bottom plates with no clamp. Also, the central axis of
samples and upper and lower plates of the device coincide, and structures are loaded at a rate of 5 mm/min. For each

specimen, the force and displacement curves (as a function of time) is directly extracted from the universal testing



machine and other energy absorption parameters such as peak crushing force (PCF), mean crushing force (MCF),
energy absorption (EA), specific energy absorption (SEA), crush force efficiency (CFE), and crush length efficiency

(CLE) are calculated based on the force-displacement curves.

2.3.2  Low-velocity axial impact test:

The energy absorption of the bio-inspired sandwich tubes under axial low-velocity impact loading is determined
using a drop hammer testing apparatus. Schematic and details of this device and its connections are presented in Figure
3(b). After each test, the impactor returns to its initial position using the installed magnetic plane. It is worth
mentioning that the defined height in this test leads to a velocity of 7.09 m/s during impact with specimens. Also, a

high-speed 900 fps camera is used to capture the collapse mechanisms of each sandwich tube during loading.

Also, a 50000 g accelerometer is installed on the upper plate to measure the impactor acceleration during collide with
specimens. This accelerometer is capable of recording data with a 250 kHz frequency. A CFC 500 filter cancels noises
in the obtained acceleration-time curve. Then, the force-displacement curve and, consequently, energy absorption

parameters can be derived via mathematical operations on the acceleration-time curve of each sandwich tube.
Figure 3

2.4 Crashworthiness criteria:

Some essential indicators are given below with brief explanationsto improve our understanding of the

crashworthiness of thin-walled structures:

241 EA:

Energy Absorption (EA) represents the total energy absorbed by the specimen and is equal to the area of the axial

crushing force versus displacement. EA is defined as,
LC
FA = fO P(x)dx (1)

Where P, is the immediate crushing force, with a function of the crushing length (L.).



242  SEA:
Specific Energy Absorption (SEA) is defined as absorbed energy per unit mass of the structures. It is one of the

important factors for comparing the energy absorption capacity of structures with different mass, which is given by,

SEA =EA/m (2

Where m is the structure's mass, obviously, for energy-absorbing structures, a higher SEA demonstrates a higher

energy absorption capability.

243 MCF:

The mean crush force (MCF) is the response factor for the energy absorption capability of a structure, which is

defined as,
MCF = EA/L, (3)
244 PCF:

The peak crushing force (PCF) is the maximum force during the whole loading process. Which is usually related to
the first fold of the specimen. PCF is defined as,

PCF = max(P,) 4)

This parameter should be as close to the mean crush force. Otherwise, the effect of the energy absorber to protect

the occupants will be reduced, and there will be a possibility of damage to the occupants and the protected contents.

245 CFE:
The crush force efficiency (CFE) is another important crashworthiness indicator, is defined as the ratio between

MCF and PCF, given as

CFE =2 % 100 ()
PCF

For an ideal energy absorber, the CFE is equal to 100%.

246  CLE:

The crush length efficiency (CLE) is the ratio of crush length to the initial length of the structure. CLE is defined

as,



CLE = LT x 100 )

Where Lc and L represent the crush length and the initial length of the structure, respectively.
3. Numerical simulation:

A non-linear simulation code LS-DYNA (in a double-precision mode) is used to study the deformation, interaction
between components, and material permutation effects in the sandwich tubes. In the first step, Al and PP single hollow
tubes are simulated individually under quasi-static axial compression to simulate sandwich tubes under two types-
defined loading. Then, sandwich tubes are simulated under quasi-static loading by applying appropriate friction
coefficients between sandwich tube components. Eventually, the simulation of sandwich tubes under low-velocity

impact loading is conducted by introducing the strain rate effects into the mechanical properties of PP tubes.

3.1  Geometry:

As shown in Figure 4, Al and PP tubes are modeled as 4-node shell elements based on Belytschko-Tsay formulation
and five integration points through the thickness. The mean value of the diameter is used for single hollow tube
modeling, and then it is completed by applying 1 and 1.5 mm thickness of Al and PP tubes, respectively. The modeling
ended by placing these tubes next to each other between upper and lower rigid plates, as shown in Figure 5. The
optimal mesh size is chosen between 0.5-2.5 mm. The mesh independence is observed for all hollow tubes at a
minimum element size of 1 mm. Therefore, the total number of elements in the external, internal, and core tubes are

22500, 9630, and 6750, respectively.

Figure 4
Figure 5

3.2 Boundary conditions:

In experimental conditions, single hollow tubes and hierarchical sandwich tubes are in contact with upper and lower
rigid plates with no clamp. All degrees of freedom at the lower rigid platen is fully constrained. Also, the upper rigid
platen is controlled using boundary condition BOUNDARY_PRESCRIBED_MOTION-RIGID and can only move in
the vertical line. In the simulation of quasi-static axial compression, the upper rigid platen is controlled with a loading

rate of 5 mm/min. The ratio of kinetic energy to internal energy for individual and sandwich tubes must be lower than



5 percent for this loading type to satisfy quasi-static loading conditions [41, 60]. The kinetic and internal energy
ratios in terms of displacement for all single Al and PP tubes and three hierarchical sandwich tubes are given in Figure
6(a) and (b). As can be seen, these ratios, except for the small region at the beginning of the curves where their initial
folding occurs, are lower than the determined value. On the other hand, to simulate sandwich tubes under low-velocity

impact loading, the initial velocity boundary condition on the rigid upper plate is used.
Figure 6

The fundamental material model for the simulation of Al is model 123 (modified piecewice_linear_plasticity
(MAT 123)) [8]. This material model is specific to materials' elastic-plastic behavior, supports an arbitrary stress-
strain curve, and depends on an arbitrary strain rate. Due to the close similarity between the behavior of PP and Al
and their elastic-plastic properties, this material model can be used for simulating PP tubes. Additionally, this material
model benefits from an enhanced failure model based on effective plastic strain and principal in-plane strain

components.

Also, in this model, the plasticity of Al and PP is formulated as follows:

ay = Bloo + fu(elss)] @)

Where B represent the Cowper-Symonds strain-rate coefficient and o, is the static yield stress.

1

p=1+(3) (8)
Also, C and P are Cowper-Symonds material parameters. We have:
Py p
fh(‘seff) = EP(‘Seff) )

Ep= plastic hardening modulus
e,y = effective plastic strain

It is worth mentioning that there are two methods for defining failure and yield strains in Al and PP material models:
1- Applying the RTCL vyield criterion to determine the effective plastic (or failure) strain. 2- Defining yield stress and
using stress-strain curve. When stress-strain curve and yield stress are defined for the material model, the program
deactivates RTCL. All parameters required for simulating single Al and PP tubes using the MAT 123 model are

applied according to values in section 2.2.



3.2.1  Strain-rate effect:

According to studies [61, 62], the plastic behavior and deformations in Al tubes are not affected by the strain rate

in the range of [104-10°] (1/5). Hence, no strain hardening coefficient is defined for the Al tube simulation. However,
in contrast to Al material, PP tubes behavior under low-velocity impact compression is extremely influenced by strain
rate, which must be considered in numerical simulation of sandwich tubes under this loading type. The maximum
strain rate in sandwich tubes under low-velocity impact loading is about 1.67 (1/s). On the other hand, using the same
PP material in this research as [37], the mechanical properties obtained for a strain rate of 1.67 (1/s) in this study are
applied here. At the mentioned strain rate, the elastic modulus and yield stress increase by 10% and 30%, respectively,

compared to quasi-static axial loading.

3.3 Contact definition:

In this study, different types of contact algorithms are defined to achieve more accurate
results. CONTACT_AUTOMATIC_SINGLE_SURFACE is used for tubular elements to prevent self-penetration into
other familiar elements. Moreover, CONTACT_AUTOMATIC_SURFACE_TO_SURFACE is applied for the
contact of upper and lower rigid plates and the contact between components of each sandwich tube. Segment-based
soft option two is utilized to prevent penetration of shell elements through upper and lower rigid plates Also, static

and dynamic coefficients between all surfaces are considered 0.4 and 0.35, respectively.
4. Results and discussion:

4.1  Quasi-static axial response of single hollow tube:

The axial crushing mode and the behavior of the bio-inspired hybrid sandwich tubes are affected by the crushing
behavior of single hollow tubes. Also, to simulate sandwich tubes and understand the interactions between defined
structure components, it is essential to examine the axial crush characteristics of Al and PP tubes. Besides, PP tubes
are studied for the first time in this application; therefore, it is required that their crushing behavior and energy

absorption level be thoroughly investigated.

Based on the previous study [46], the deformation mode and axial crushing of a hollow tube with a circular section

are affected by diameter/thickness (D/t) and height/diameter (H/D) ratios. These parameters affect the number and



shape of folds, including the number of corners and regularity or irregularity of sides, and the creation of symmetric,
asymmetric, and combined modes that can change the energy absorption in each tube. As discussed in section 2.1, Al
and PP tubes have wall thicknesses of 1 and 1.5 mm, respectively, and the height is considered 90 mm for both.
Regardless of their material, the outer diameters of external and internal tubes are 82 and 35 mm, respectively. Also,

the outer diameter of core PP tubes is 21 mm. In Table 2, the ratios (D/t) and (H/D) are proposed for Al and PP tubes.

Table 2

When Al and PP tubes are axially compressed, they undergo plastic deformation due to local buckling. These
plastic deformations lead to folding patterns and plastic hinges that absorb kinetic energy transferred to tubes. As
mentioned above, the folding patterns of external and internal tubes are different because of different
diameter/thickness (D/t) and height/diameter (H/D) ratios. As shown in Figure 7(a), the internal Al tube in the APA
sandwich tube exhibits an asymmetric mixed crushing mode. The first fold appears on the head of this tube in
axisymmetric (concertina) mode, and in the following, four non-axisymmetric folds (Diamond 3-lobe) with three

circumferential corners (N=3) and regular sides are created.

According to Figure 7(b), in the crushed model of external Al tube in APA and APP specimens, three diamond
folds (Diamond 3-lobe) with three circumferential corners (N=3) are observed. Because of manufacturing defects in
this tube, the first and third folds are accompanied by circumferential and longitudinal cracks, respectively. Despite
the formation of these cracks, the N-gon that appeared during the folding process (Figure 7(b2)) is an irregular
polygon. Based on observations, as (D/t) and (D/H) ratios increased, the concertina mode of Al tubes vanished, and
the number of folds in the external Al tube decreased compared to the internal Al tube. Also, in contrast to the internal

tube, the N-gon associated with diamond folds in the outer tube has irregular sides.

When the numerical model is compared with the tested specimen, it is observed for both Al tubes that the numerical

model could successfully predict crushing modes and the number of folds and their locations (see Figure 7).

Figure 7

By examining the collapse mechanisms of PP tubes shown in Figure 8(a) and (b), the core (in APA, APP, and PPP
specimens) and internal tube (in APP and PPP specimens) are deformed by exhibiting a non-axisymmetric diamond
mode (Diamond 2-lobe) with two circumferential corners (N=2). In these tubes, the diamond mode shapes are similar;

however, by comparing Figure 8(a) and (b), it is found that the number of folds is reduced by increasing the diameter



of PP tubes. Moreover, the deformation mode of the external tube in the PPP arrangement (as shown in Figure 8(c))

is a non-axisymmetric diamond (Diamond 3-lobe) with three circumferential corners (N=3).

As can be observed, similar to Al tubes, the number of folds in PP tubes increases by a reduction in the tube
diameter. However, in PP tubes, in contrast to Al tubes, a lower diameter did not cause the formation of concertina
mode and decreased the number of corners for diamond-mode N-gon from N=3 to N=2. Also, in the external PP tube
with a larger thickness, no crack is formed in plastic hinges due to the higher polypropylene elasticity than aluminum,
and the resulting N-gon is more regular. Their length increases after the quasi-static compression test regarding the
elasticity and resiliency of polypropylene tubes. As shown in Figure 8(a2), (b2), and (c2) the core, internal, and
external tubes after quasi-static loading have final lengths of 64 mm, 66 mm, and 71 mm, respectively. By comparing
the numerical and tested specimens of PP tubes, it is observed that there is a good agreement in terms of the number

of folds and their modes, and the numerical model could well predict their unknown behavior.

Figure 8

4.1.1  Crashworthiness evaluation:

After examining the axial crushing and plastic deformation of hollow tubes in the previous section, this section

examines the force-displacement curves and other energy absorption parameters.

In Figure 9 and Table 3, respectively, the force-displacement curves and critical energy absorption parameters are
suggested for two hollow Al tubes experimentally and numerically. It should be noted that experimental values of
energy absorption parameters (shown in Table 3) are the average of three tests repeated on each tube. Overall, the
numerical and experimental force-displacement curves are similar for both tubes. They can be divided into three
regions: the first is the elastic region spans from the beginning of the curve up to the initial peak point. The second
region is for plastic deformation, starting from the initial peak and continuing up to the third region. The third region
is attributed to the specimen's condition that becomes fully dense under compression, exhibiting a rigid-like state. The
experimental value of the initial peak force for the external Al tube is 3.84 times that of the internal tube due to its
larger diameter. Also, this peak forces for internal and external tubes have occurred at displacements 1.85 mm and

1.96 mm, respectively. As can be observed, the folding mode and its location are demonstrated on the experimental



force-displacement curves (see Figure 9). After the initial peak, the force levels of internal and external tubes decreased
by 54% and 70%, reaching the first minimum points at displacements 4.22 mm and 7.15 mm, respectively. One of the
reasons for the greater force drop in the external Al tube can be the crack occurrence in the first plastic hinge. After
the first valley, the force-displacement curves of both tubes fluctuate around the MCF. The fluctuation level of the
curve is higher for the internal tube due to concertina mode and non-axisymmetric diamond modes with more regular
sides. On the other hand, it is observed that the two peaks for the first and third folds in the force-displacement curve
of the external tube are far less than the second peak associated with the second fold due to cracking. Despite higher
force drop after the initial peak and the presence of cracks in the plastic hinges, because of the larger diameter of the

external tube, its experimental MCF is 2.29 times that of the internal tube.

Although PCF and MCF in the external tube are significantly higher, the CFE value in the internal tube is more
desirable due to concertina mode, more regular sides of diamond folds, and lack of cracking in plastic hinges. Its
experimental value is 1.67 times the value in the external tube. On the other hand, opposed to CFE, the experimental
value of CLE in the external tube is 1.11 times the internal tube. An increase in crushing length of the external tube
relative to the internal one can be due to cracks in first and third plastic hinges and more irregular diamond mode; so
that corners of first and third folds in this tube do not coincide while in the internal tube, corners of second and fourth
diamond folds, as well as third and fifth ones coincide each other. This is the reason for the rigidity of the internal

tube with a lower displacement.

Figure 9

Table 3
Considering the higher CLE and the MCF in the external tube, the experimental value of EA obtained from the

force-displacement curve of this specimen (shown in Figure 10(a)) is 2.46 times that of the internal tube. The
experimental values of this parameter for external and internal tubes are 981.75 J and 398.96 J, respectively (the
differences between experimental and numerical results for external and internal tubes are 3.5% and 2.47%,
respectively). As can be observed, the EA curve slope for both tubes has the maximum value at the beginning in the
elastic deformation region. On the other hand, EA curve slope of external tube associated with first and third folds at
displacements 7-26 mm and from 43 mm to the end are significantly lower than displacement between 26-43 mm,

where the second fold occurs. Based on the SEA values in Figure 10(b), it is observed that in contrast to absorbed



energy, the experimental value of this parameter in the internal tube is 1.07 times the value in the external one. This
can be the presence of concertina mode and a higher number of more regular diamond folds (also, the differences of
this parameter between numerical and experimental results for internal and external tubes are 2.47% and 3.53%,

respectively).

Figure 10

According to the force-displacement curves of PP tubes in Figure 11, it can be Find out that trend of these curves is
similar to the relevant curves in Al tubes, which can be because of similar axial crushing modes between PP and Al
tubes. The location of each fold on the experimental force-displacement curve is shown for three PP tubes. In
numerical force-displacement curves of all three tubes, there are local fluctuations due to the high elasticity of PP that

can be limited by applying a more robust filter.

Based on energy absorption results in Table 4 and Figure 11, it can be observed that in PP tubes, as the (D/t) ratio
increases and (H/D) ratio decreases, the PCF, MCF, and fluctuation of force-displacement curve increase. Also, with
mentioned changes in (D/t) and (H/D) ratios, the curve slope in the elastic region increases like the PCF and MCF
contrary to Al tubes. The initial peak forces in the core, internal, and external tubes have occurred at displacements
5.51 mm, 4.83 mm, and 2.96 mm, respectively. After the initial peak, the force drops up to the first minimum points
are 72%, 78%, and 76% for the core, internal, and external tubes, respectively; these values are significantly higher in

two external and internal PP tubes than Al tubes.

The experimental results for the PCF of PP tubes show that in the external tube, it is 3.33 and 1.69 times its value
in core and internal tubes, respectively. After the first valley, which occurs at displacements 8.91 mm, 9.85 mm, and
10.48 mm, for core, internal, and external tubes, respectively, the curve fluctuates around the MCF. The experimental
MCEF of the external tube is 3.81 and 2.32 times the value in core and internal tubes, respectively. It should be noted
that despite the larger thickness of external and internal PP tubes, mean crushing and peak forces in these tubes are

far less than similar Al tubes.

As opposed to observations in Al tubes, the CFE of the external PP tube is higher than the two other tubes so that
the experimental CFE in the external tube is 1.14 and 1.37 times the value in internal and core tubes, respectively. The

reason behind this can be diamond-type folding with a higher number of sides than two other tubes and lower force



drop in the external tube after initial peak force compared with the core tube. After examining and comparing CLE in
three tubes, it is found that the experimental value of this parameter is highest in the internal tube and almost equal in
two other tubes. After comparing CLE results in PP and Al tubes, it can be observed that in contrast to Al tubes, the
external PP tube has a lower crushing length than the internal one. Also, despite their larger thickness, PP tubes have

a higher crushing length than Al tubes because of their higher elasticity.
Figure 11
Table 4

Based on force-displacement curves, the EA and SEA parameters results for PP tubes are given in Figure 12. In
Figure 12(a), it can be seen that in a similar trend to Al tubes, the slope of the EA-displacement curve is maximum
initially. According to this curve, the energy absorption level increases whit increasing tube diameter. The values of
this parameter are 173 J, 76.3 J, and 45.64 J for the external, internal, and core tubes, respectively. Moreover, the
obtained values in numerical simulation for external, internal, and core tubes are 168.05 J, 76.28 J, and 39.1 J,
respectively (the differences between them for the core, internal, and external tubes are 6.63%, 0.05%, and 2.9%,
respectively). Besides, the fluctuations of this curve, similar to the force-displacement curve, is higher for the external

tube than the two other tubes.

Based on the experimental SEA curve in Figure 12(b), the resulted values of this parameter, contrary to EA results,
are inversely varied with the diameter (like Al tubes), and the maximum SEA is for the core tube with a value of 7.61
Jigr. Also, the experimental SEAs for the internal and external tubes are 5.87 J/gr and 4.44 J/gr, respectively. The
larger number of folds in the core tube can be one of the reasons for a larger SEA of this tube than two other ones
(numerical and experimental results show an acceptable agreement and the differences between numerical and

experimental SEA values for the core, internal, and external tubes are 2.76%, 0.2%, and 3.15%, respectively).
Figure 12

4.2 Quasi-static axial compression of bio-inspired hybrid sandwich tubes:

In the previous section, the results of single Al and PP tubes are studied. Based on the results, the folding patterns
for axial crushing of three PP tubes and external Al tube are formed in non-axisymmetric diamond modes.

Furthermore, the axial crushing mode in the internal Al tube is a mixed concertina and diamond mode. Also, examining



the critical energy absorption parameters showed that the SEA, EA, and MCF of Al tubes are significantly higher than
PP tubes. On the other hand, the PCF in PP tubes is less, and their crushing length is far more than in Al tubes.
Regarding the CFE parameter, although this value is highest in the internal Al tube among all other hollow tubes, it is
significantly lower in the external Al tube than the core and internal PP tubes. Finally, by examining the obtained
results for crushing folding modes of hollow tubes, the force-displacement curves, and critical energy absorption
parameters in numerical and experimental simulations, it is discovered that the defined numerical model could predict

the axial crushing behavior of hollow tubes properly.

4.2.1  Crashworthiness characteristics:

In the following, the experimental and numerical results of three bio-inspired hybrid multi-cell sandwich tubes
(APA, APP, and PPP) under quasi-static axial compression will be analyzed to determine the effects of hollow tubes’
material on axial crushing behavior of sandwich structures and their critical energy absorption parameters. The
obtained results in force-displacement curves and critical energy absorption parameters of each specimen are the
averages of three iterations. Also, to understand the effect of interaction between components of defined geometries,
the PCF, MCF, EA, SEA, and CFE parameters for three sandwich tubes are compared with the sum of these parameters

in their components (including internal and external tubes and eight tubes of the core).

By examining the trend of force-displacement curves for APA and APP hybrid specimens (as shown in Figure 13
and Figure 14, respectively), it can be noted that the curve of APA, in contrast to APP, is strongly affected by the
behavior of the force-displacement curve of the external Al tube (demonstrated in Figure 9(b)); this holds for the PPP
curve as well (see Figure 15). Although the force-displacement curve of PPP experiences lower fluctuations due to
interactions between its components, it is significantly similar to the external PP tube curve in Figure 11(c). On the
other hand, an overview of three force-displacement curves related to sandwich tubes under axial quasi-static
compression, similar to force-displacement curves of the hollow tube, we can separate them into three elastic,
progressive folding, and dense (rigid) regions. Furthermore, it is observed that their numerical force-displacement

curves have local fluctuations due to the presence of PP components with low elastic modulus.

Concerning the force-displacement curves of Figure 13, Figure 14, and Figure 15, it can be seen that the PCF for
all three specimens occurs at displacements lower than 5 mm. In these curves, the elastic region has ended at

displacements 3.4 mm, 2.27 mm, and 4.21 mm for APA, APP, and PPP, respectively. As stated for hollow tubes, the



force-displacement curve of Al tubes has a higher slope in the elastic region than PP tubes. However, in hybrid
sandwich tubes, despite a higher PP component in PAP than APA, the force-displacement curve in the elastic region

has a higher slope for APP, and PCF occurs at lower displacements.

Figure 13
Figure 14
Figure 15

The energy absorption parameters proposed in Table 5 show that the highest experimental value of PCF 46.37 kN
is for APP, higher than that of external Al, APA, and PPP tubes by 6.26 kN, 4.85 kN, and 28.25 kN, respectively. After
reaching the initial peak point and entering the plastic deformation region, the force magnitudes in APA, APP, and
PPP curves have reduced by 57.1%, 54.59%, and 55.29%, respectively, up to the first valley. This force drop is
significantly lower than the three PP and external Al tubes examined in the previous section. Moreover, it is observed
that by replacing the Al tube in APA with an internal PP tube in APP, the force-displacement curve descends less

significantly.

The force-displacement curve fluctuated around MCF value after passing the first valley at displacements 7.42 mm,
7.09 mm, and 8.89 mm, respectively, for APA, APP, and PPP tubes. According to Table 5, similar to the PCF, the
highest experimental MCF is obtained for APP equals 24.05 kN, higher than this value in external Al, APA, and PPP

tubes by about 8.86 kN, 0.8 kN, and 14.07 kN, respectively.

Also, the CFE results show that this parameter in all three sandwich tubes is higher than 50%; so that CFE of APA
and PPP, which is almost the same, is 6.87% higher than that of APP and is 32.0% and 19.61% higher than external
Al and PP tubes, respectively. As discussed in section 4.1.2, the CFE of the internal Al tube is significantly higher
than similar PP one. Therefore, one reason for decreased CFE of APP relative to APA is the internal Al tube
replacement by an internal PP tube. By inspecting the CLE results in Table 5, it is revealed that crushing length has
the highest value in APA, 5.02% and 4.25% higher than APP and PPP, respectively. PP tubes with larger thickness in

APP and PPP lead to a decreased crushing length than APA.

The results of two EA and SEA parameters obtained from experimental and numerical force-displacement curves
for three APA, APP, and PPP sandwich tubes are given in Figure 16, respectively. Like energy absorption curves of

single hollow tubes, the curve slope has the maximum value at the beginning for all three curves, which is associated



with the region for the start of elastic deformation. In PPP sandwich tube, although the curve slope is high at the
beginning compared with two other arrangements, it decreases significantly after starting the plastic deformation,
which indicates the lower performance of this specimen in energy absorption. The mean slopes of the experimental
energy absorption curves for APA, APP, and PPP are 22.96 J/mm, 24.77 J/mm, and 9.99 J/mm, respectively.
According to the EA curve in Figure 16(a), the experimental value of absorbed energy by APP is 1517.85 J, higher
than external Al, APA, and PPP tubes by 536.1 J, 6.69 J, and 899.03 J, respectively. In the meantime, it is observed
that PCF and MCF in APP are significantly higher than others; however, because of the lower crushing length than
APA, there is a slight difference in absorbed energy of these two (also, the differences between numerical and
experimental values of this parameter for APA, APP, and PPP are 4%, 5.4%, and 4.3%, respectively). By examining
the curve in Figure 16(b), it is found that APP has the highest SEA, and the experimental value of this parameter is
1.25 and 2.08 times that of APA and PPP, respectively. Although replacing the Al tube in APA with an internal PP
tube in APP causes a 20.22% increase in this parameter, SEA in these two sandwich tubes, in contrast to energy
absorption and load carrying capacity, decreases compared to external Al tube. However, contrary to other hybrid
specimens, the SEA of PPP increases by 28.27% compared with the external PP tube. Also, based on the results, there
is a good agreement between numerical and experimental results in terms of this parameter, and the errors between

numerical and experimental data for APA, APP, and PPP are 2.7%, 5.1%, and 4.2%, respectively.

Table 5
Figure 16

4.2.2  Quasi-static post-crushing morphologies of bio-inspired hybrid sandwich tubes:

The collapsed model of the hybrid sandwich tubes APA is illustrated in Figure 17. In this specimen, the first fold of
the external Al tube is formed in the upper section in concertina mode. The three next folds of this tube are non-
axisymmetric diamond modes (Diamond 4-lobe) with four corners (N=4). Comparing the folding mode of this tube
in APA (see Figure 17(al)) with a similar hollow tube (see Figure 7(b)) shows that the tube in APA has a concertina
mode, in addition to more diamond folds, which have more regular sides. On the other hand, the non-axisymmetric
diamond mode changed from Diamond 3-lobe in the single hollow tube to Diamond 4-lobe in the APA. Moreover,
due to interaction with core tubes, no crack is formed in contrast to single hollow tubes. In the internal tube of this
specimen, four non-axisymmetric diamond folds (Diamond 3-lobe) are formed, with two folds in the upper section

having regular sides and other folds having irregular sides. However, comparing the crushing mechanisms in the



internal Al tube of APA (Figure 17(a3)) with a similar hollow tube of the Figure 7(a) shows that the concertina mode
in the hollow tube has been eliminated in the internal tube of APA and sides of hon-axisymmetric diamond folds are

more regular. Furthermore, Figure 17(a4) shows that core tubes in this specimen are extremely crushed.

For more accurate investigation of the effects of interaction between APA components on critical energy absorption
parameters, the difference between resulting PCF, MCF, EA, SEA, and CFE for this specimen and the sum of
individual components, including internal and external Al tubes and eight PP tubes of the core, is shown in Figure 18.
For instance, the PCF in APA is 41.58 kN, and the sum of component-related parameters is 40.11 + 10.45 + (8 * 1.54)
= 62.88 kN. Therefore, as shown in Figure 18, sandwiching hollow tubes with APA arrangement positively affects
PCF and causes a 33.44% decrease in this parameter compared with the sum of peak forces of individual hollow tubes.
Opposing to peak force improvement, the sandwich tube with APA arrangement leads to a 12.69%, 13.45%, and
13.39% decrease in MCF, EA, and SEA, respectively, compared to the sum of the parameters obtained for the sum of
individual components. On the other hand, sandwiching a single tube in APA form has decreased MCF, but by
decreasing peak force to a great extent, this leads to a 32.04% increase in CFE compared to the sum of CFEs of APA

components.

Hence, it can be concluded that although the interaction between components of APA has enhanced folding
mechanisms of external tube and PCF and CFE values, its destructive effects on two other components, especially
internal tube, decreased MCF, EA, and SEA compared to the case in which these tubes separately underwent quasi-

static axial compression test.

Figure 17
Figure 18

By evaluating the axial crushing mechanisms of the hybrid APP specimen in Figure 19, it can be noted that the
external Al tube is folded in non-axisymmetric diamond mode (Diamond 4-lobe). Although there is no concertina
mode in the external Al tube of APP in contrast to APA, the sides of folding mode in this tube are more regular than
the similar tube in APA. On the other hand, by comparing the crushing mechanisms in the external tube of APP (see
Figure 19(al)) with a similar Al hollow tube (see Figure 7(b)), it can be concluded that interaction between APP
components has increased the number of non-axisymmetric diamond folds in this sandwich tube compared to hollow

tube. The resulting N-gon has more number of and more regular sides. In addition to mentioned above, Figure 19(al)



indicates that longitudinal cracks are formed in the external Al tube of APP, while this is not observed in the same
component of APA. The reason is the thicker internal PP tube of APP relative to the internal Al tube of APA. Also,
evaluation of axial crushing mechanisms of the internal tube in this specimen shows that in addition to an increase in
folds from three in the similar hollow tube (see Figure 7(a)) to four in APP, the non-axisymmetric diamond folds
change from Diamond 2-lobe in the hollow tube to Diamond 3-lobe (as shown in Figure 19(a2)). It is worth mentioning
that because of the interaction between this tube and core tubes, the formed sides in diamond modes are more irregular
than the hollow tube. Therefore, it can be argued that the interaction between APP components has a sound effect on
crushing behavior and crushing mechanisms in both internal and external tubes compared with similar single hollow
tubes; this causes a larger energy absorption of these two tubes in the sandwich structure. Hence, sandwiching
components with APP arrangement can decrease PCF by 15.74% and increase MCF, EA, SEA, and CFE by 14.6%,
6.65%, 14.72%, and 37.09%, respectively, relative to the sum of parameters associated with every single hollow tube,
as shown in Figure 18. According to Figure 17 and Figure 19, the core tubes of APP, thanks to lower crushing relative
to similar tubes in APA, could bring more contact with external and internal tubes, causing a more regular folding

process and higher energy absorption.

After examining the crushing mechanisms and modes in hybrid sandwich tubes under quasi-static axial
compression, we then analyze the crushing mechanisms of the PPP sandwich tube, as illustrated in Figure 20. By
comparing Figure 8(c) and Figure 20(al), we can deduce that the hierarchical structure of PPP creates concertina mode
in external PP tube and increases the number of sides of non-axisymmetric diamond folds. The mode shapes have
changed from Diamond 3-lobe in the similar hollow tube to Diamond 4-lobe. Also, based on Figure 20(a3), it can be
seen that the internal tube of PPP exhibits a mixed-mode folding so that one diamond fold (Diamond 2-lobe) is formed
at the upper region and two other diamond folds (Diamond 3-lobe) at the lower region of the tube. Moreover,
comparing collapse mechanisms between two internal PP tubes in PPP and APP (Figure 19(a3), and Figure 20(a3))
indicates that due to the larger number of Diamond 3-lobe folds, the interaction between APP components has a more
desirable effect on the internal tube. Also, the crushing of core tubes has reduced after adding internal and external PP

tubes.

Figure 19
Figure 20



As shown in Figure 18, sandwiching PP components in PPP hierarchical structure causes an appropriate interaction
between its hollow components, which can decrease PCF by 11.52% and increase MCF, EA, SEA, and CFE by
23.36%, 2%, 2%, and 34.49%, respectively, relative to the sum of these parameters in individual hollow tubes. It can
be observed that even though crushing force in sandwich mode is significantly higher than the sum of this parameter
in hollow tubular components, because of the lower crushing length of the sandwich tube compared to hollow PP

tubes, the effects of components interaction on increasing EA and SEA are insignificant.

Finally, by comparing the numerical and experimental collapsed models of three defined specimens in Figure 17,
Figure 19, and Figure 20, it can be observed that there is good agreement between shape and number of folds in
sandwich tubes. Furthermore, it is seen that despite the great residue height of PP components in APP, the residue
height of collapsed model of the external Al tube in APA is higher. Also, PPP, APP, and APA have the greatest residue

length of PP components, respectively, as the number of Al components decreases.

4.2.3  Effects of designing parameters on quasi-static response:

After analysing bio-inspired sandwich tubes' axial crushing and energy absorption behavior under quasi-static
compression, other effective factors on their energy absorption behavior are studied numerically. The studied factors
in the numerical investigation are the effect of diameters of core and internal tubes and different material permutations
(for core, external, and internal tubes). The full factorial approach is employed for material permutations in the
numerical analysis, and external tube diameter is considered constant. For this purpose, as shown in Table 6 and Figure
21, three geometries with different diameters of core and internal tubes are proposed (D indicates the inner diameter
of a tube). Like experimental specimens, the thicknesses of all Al and PP tubes are 1 and 1.5 mm, respectively, and
the height of all is designated to be 90 mm. Eight specimens with different material permutations (AAA, AAP, APA,
APP, PAA, PAP, PPA, and PPP) are defined. To better understand the effects of the diameter and material of internal
and core tubes, the resulting energy absorption parameters, including PCF, MCF, EA, SEA, CFE, CLE, and force-

displacement curves are studied for each specimen.

Table 6
Figure 21

Comparing the results obtained from force-displacement curves in Figure 22(a), (b), and (c) and Table 7, indicates

that material and number of hollow core tubes have significant effects on energy absorption and fluctuations of force-



displacement curves in specimens of the same configuration. Comparison of force-displacement curves for specimens
with the same configuration indicates that curve fluctuations and their slope in the elastic region of sandwich tubes
with Al cores (AAA, AAP, PAA, and PAP) are higher than others. On the other hand, most sandwich tubes with PP

cores (APA, APP, PPA, and PPP) have a crushing length higher than other specimens due to their higher elasticity.

Figure 22

Examination of force-displacement curves for sandwich tubes with Al cores and the same configuration shows that
specimens of more Al components exhibit a greater slope in the elastic region. For all three configurations, the curve
slopes in the elastic regions of specimens AAA, AAP, PAA, and PAP are, respectively, highest among eight defined
specimens. Also, comparing the trend of force-displacement curves for specimens of the same configuration shows
that external tube material has a dominant effect on the curve in a way that sandwich tubes with the external tube of a
similar material have the same fluctuations. The results show that those with Al cores (AAA-AAP-PAA-PAP) have

the highest PCF, MCF, EA, and SEA (see Figure 22).

Moreover, by comparing the mentioned parameters between sandwich tubes with Al cores of the same external
and internal tube material and different configurations, it can be concluded that as the number of core tubes increases,
the values of these parameters increase from configuration 1 to configuration 3. The variations of CFE in both AAA
and AAP are the same as the four mentioned parameters. However, in PAP of configuration 3, global buckling occurs
in hollow-core tubes because of low ratios of (D/t) and (D/H), and therefore, the force level decreases after reaching
an initial peak. Although MCF is highest in PAP material permutation of configuration 3, the CFE value in this
configuration is lower than the two others. On the other hand, the CFE value of PAP with configuration 1 is suitable
despite higher (D/t) and (D/H) values in core tubes than the other two configurations; this is because of the inability
of internal and external PP tubes to prevent global buckling of core tubes. However, for PAA, an internal Al tube
could prevent global buckling in core tubes of configuration 3 to some extent, and the CFE of this specimen with

configuration 3 has the highest value.

Analysis and comparison of the resulting parameters among sandwich tubes with Al cores and the same
configuration illuminate that PCF and MCF decrease by changing the external and internal Al tubes into PP. Moreover,
the EA values in these specimens of configurations 2 and 3 exhibit variations similar to PCF and MCF; replacing Al

tubes with internal and external PP tubes leads to decreased EA.



On the other hand, sandwiching hollow tubes with Al cores in configuration 1 has led to the lowest EA for AAA
because of its lower crushing length than the other three specimens. Also, the highest EA values with this configuration
are, respectively, for PAA, AAP, and PAP. Moreover, by examining SEA for sandwich tubes of Al cores and the same
configuration (as shown in Figure 22(d)), it is revealed that for configuration 1, sandwich tubes with external PP tube
(PAP and PAA) have higher SEA than AAA and AAP. However, as mentioned above, for configuration 3, PAP and
PAA have the lowest SEA among the four specimens due to global buckling. Regarding the importance of SEA,
Figure 23 illustrates the collapsed numerical models of specimens with the highest SEA among all defined ones with

configurations 1, 2, and 3, which are, respectively, PAP, PAA, and AAA.

Furthermore, the results for sandwich tubes with PP core (APA, APP, PPA, and PPP) demonstrate that similar to
sandwich tubes with Al core, MCF and EA increase for each specimen with an increase in the number of hollow core
tubes from configuration 1 to configuration 3. Moreover, PCF and SEA in APA and PPA specimens vary similarly to
EA and MCF. The derived results for CFE parameter in specimens whit PP cores in configuration 3 indicate that due
to high MCF compared with other two configurations and lack of global buckling after first force peak in hollow-core
tubes, sandwiching each of these specimens as configuration 3 increases CFE. Comparing the force-displacement
curves and PCF, MCF, EA, and SEA parameters in APA, APP, PPA, and PPP sandwich tubes with the same
configuration shows that similar to specimens with Al cores, the force-displacement curve of specimens with the
external tube of the same material has a similar trend. Also, a reduction in the number of Al components in sandwich
tubes with PP core in each configuration, in addition to decreasing fluctuations of the force-displacement curve and
increasing the crushing length of most specimens, decreases MCF and EA parameters; in each configuration, these
two parameters are highest in, respectively, APA, APP, PPA, and PPP specimens. On the other hand, PCF and SEA
of these specimens in configurations 1 and 3 vary the same way as MCF and EA. However, in configuration 2, the
highest PCF and SEA are for APP specimen in which the Al component is fewer than in APA. Moreover, comparing
the CFE results in sandwich tubes with PP cores and similar configurations illuminates that among defined specimens,
both configurations 1 and 2, those with internal Al tube (PPA and APA) have the highest CFE; but, in configuration
3, PPA and PPP have the highest CFE. As mentioned above, as the number of Al components decreases in these four
specimens, crushing length increases. Among specimens with configurations 1 and 3, PPP and PPA have a higher
crushing length than APA and PPP. However, in configuration 2, PPP, APA, PPA, and APP respectively have the

highest crushing length.



Table 7
Figure 23

4.2.4 Interaction effect between sandwich tube components under quasi-static loading:

In this section, the interaction effects between the components of sandwich tubes defined in the numerical study
(see Figure 21), under quasi-static axial compression are investigated. For this purpose, as shown in Figure 24(a) and
(b), the value of change in the amount of PCF, MCF, CFE, EA, and SEA parameters for each sandwich tube compared
to the sum of the results of each parameter in the relevant components, including the tube external and internal and
core tubes are compared. To do this, the force-displacement diagrams of the sum obtained from the numerical
simulation of single hollow tubes in each specimen are added together for the same amount of displacement and the
same boundary condition with the respective sandwich tubes. For example, for the APA specimen defined in
configuration 3, the force-displacement curve of the components is the sum of the two force-displacement curves of
the external and internal aluminum tubes and 16 times the force-displacement curve of the polypropylene single

hollow core tube.

After obtaining the force-displacement diagram of the total components in each sample, the values of the mentioned
parameters were calculated and compared with the values of the same parameter in the respective sandwich tube.
According to the results shown in Figure 24(a), sandwiching single tubes with each material permutation and in three
configurations has reduced the PCF and increased the amount of CFE compared to the sum of these parameters in the
components of the respective sandwich tube. For all samples with different material permutations, configuration 1

produced the largest reduction in the PCF parameter.

Also, by examining the MCF results in Figure 24(a) and the EA and SEA parameters in Figure 24(b), it can be seen
that the sandwiching of components as configurations 2 and 3 in most of the defined specimens, except for the APA
and PPA, has increased with the sum of these parameters in the respective components. However, sandwiching single
hollow tubes as configuration 1 in most samples has reduced the amount of MCF relative to the sum of this parameter
in its components. On the other hand, the largest increase in CFE and MCF, EA and SEA parameters occurred in all
sandwich tubes with configuration 3. This phenomenon is affected by three reasons: 1- Low (D/t) and (D/H) ratios of
single hollow core tubes in configuration 3 have caused these tubes to have global buckling if they are subjected to

quasi-static axial compression alone and absorb very little energy. However, by sandwiching this single hollow tube



in configuration 3, the proper interaction between the components of this phenomenon has been partially eliminated.
2- Improving the shape of collapse modes in external and internal hollow tubes. 3- Another factor is the high
interaction and friction between the components, due to less space between the single hollow tubes in configuration 3
than the other two configurations, and especially configuration 1. This phenomenon can increase the amount of energy
absorbed in the structure and naturally have the results of MCF, CFE, EA, and SEA parameters in the defined samples
relative to the sum of the relevant components (For instance, the crushing mode of the AAA specimen in configuration
3 is shown in Figure 25). As a result, it can be stated that the interaction between the sandwich tube components in
configurations 3 and 1 has the greatest and least effect on the major energy absorption parameters, respectively. By
examining the defined specimens with the same configuration and different materials permutation, it is discovered
that, for all three defined configurations, sandwich tubes with aluminum and polypropylene cores have the lowest and
highest reduction in the amount of PCF, respectively, when compared to the sum of these parameters. In addition, the
difference in MCF, EA, and SEA parameters between the samples classified as configuration 1 and 3 in sandwich
tubes and the total of their components, sandwich tubes with aluminum cores, is greater than in other samples with

the same configuration.

Figure 24
Figure 25

4.3  Low-velocity axial crushing behavior of bio-inspired hybrid sandwich tubes:

Three APA, APP, and PPP specimens underwent low-velocity impact loading to figure out the dynamic response
of the defined hierarchical sandwich tubes. As mentioned in section 2.3.2, the mass of the impactor and the height
from specimens will produce kinetic energy of 1057.86 J during the collision. In this segment, to understand the
sandwich tubes’ behavior and the effect of hollow tubes’ material, the results of numerical and experimental tests,
including force-displacement curves, energy absorption, plastic deformations, and crushing mechanisms, are
discussed. For studying the effects of strain rate in sandwich structures under low-velocity impact loading, PCF, MCF,
EA, and SEA parameters for each specimen are compared with the results of each parameter in a similar specimen
under quasi-static compression test. In each section, the agreement between experimental and numerical results is

examined.

4.3.1 Crashworthiness characteristics:



Comparing the force-displacement curves for three sandwich tubes under low-velocity impact loading (shown in
Figure 26), shows that all three curves have a similar trend. These curves can be separated into three elastic,
progressive buckling, and unloading regions [8]. In the force-displacement curves, contrary to obtained curves in
quasi-static loading, the curve increases in a fluctuating manner after reaching the initial peak. After reaching its
secondary peak, it reduces. In the end, the imposed kinetic energy becomes zero due to the plastic deformation of the
specimen and the friction between the specimen and upper and lower plates. According to force-displacement curves,
as PP components in three sandwich tubes increase, the initial and secondary peak forces occur in higher displacement,
and the curve slope decreases in the elastic region, and its fluctuations increase. The initial and second peak forces of
APA, APP, and PPP specimens occurred at displacements 1.53-8.43 mm, 1.58-8.53 mm, and 3.07-15.98 mm,
respectively. Comparing the numerical and experimental force-displacement curves for all three specimens shows that
the numerical model could correctly predict the trend of force-displacement curves in most points. But, fluctuations
of experimental and numerical curves do not agree with each other in the ending region of curves for APP and PPP

specimens.

Figure 26

Based on the energy absorption results in Table 8, for three sandwich tubes, it can be concluded that the highest
CLE is for PPP in contrast to obtained results in quasi-static compression loading. However, the APP specimen has
the lowest crushing length despite more PP components than the APA specimen and is similar to quasi-static
loading. According to the results, it is noted that the highest initial and second peak forces and MCF increase by a rise
in the number of Al components of sandwich tubes. The maximum of these parameters are obtained for APA, APP,
and PPP sandwich tubes, respectively. Similar to obtained results in quasi-static compression loading, the PCF and

MCF are lowest in PPP specimen under low-velocity impact compression, this specimen has the highest CFE value.

The EA and SEA results for three defined tubes (shown in Figure 26(d) and Figure 27) that are derived from relevant
force-displacement curves show that due to lower force of APP specimen compared to APA sandwich tube and lower
crushing length than two APA and PPP specimens, the EA and SEA, similar to CFE parameter, are lowest in this
specimen. Moreover, the APA sample has the highest EA value and the PPP specimen has the highest SEA value. The
experimental EA values in APA, APP, and PPP sandwich tubes are, respectively, 1052.5 J, 558.46 J, and 713.68 J.

Their SEA values are 6.99 J/gr, 4.4 J/gr, and 7.14 J/gr, respectively (the errors between experimental and numerical



results of EA and SEA parameters for APA, APP, and PPP specimens are 6.84%-6.73%, 2.3%-0.1%, and 3.0%-0.92%,

respectively).

Table 8
Figure 27

Finally, it can be concluded that high sensitivity of PP tubes to strain rate under low-velocity impact compression
loading in PPP sandwich tube can improve the performance of this specimen compared to APA and APP; in this
regard, PPP has the highest SEA, CFE, and CLE values under low-velocity impact loading. In contrast to the PPP
sandwich tube results, the APP specimen did not show acceptable performance in impact loading compared to the
observations in quasi-static loading. This specimen has the highest EA and SEA in quasi-static loading, but in impact

loading, the mentioned parameters are lowest in this specimen.

The increase in PCF, MCF, EA, and SEA parameters in low-velocity impact loading to determine the strain rate
effects on critical energy absorption parameters in sandwich tubes under two loading types, is shown in Figure
28, compared to quasi-static loading for a constant displacement. Due to the high sensitivity of sandwich tubes’
components, especially PP tubes, to strain rate effects, the PCF, MCF, EA, and SEA parameters for three defined
specimens increased significantly under low-velocity impact loading as compared with quasi-static compression
loading. Among three specimens, the PPP sandwich tube has the highest increase in the mentioned parameters due to
the more PP components than the two others. The PCF, MCF, EA, and SEA parameters in this specimen under low-
velocity impact loading increased by 189.64%, 291.78%, 292.1%, and 277.96%, respectively, as compared with quasi-
static compression loading. Furthermore, the lowest increase level occurred in APP despite having more PP
components than APA. The reason for this can be the collapsing procedure of this specimen. This will be dealt with

in the following section.

Figure 28

4.3.2  Low-velocity post-crushing morphologies of bio-inspired hybrid sandwich tubes:

According to the collapsing of APA specimen in experimental and numerical models (shown in Figure 29), it can
be noted that in the external Al tube, the folding process has started from top to the bottom in non-axisymmetric
diamond mode (Diamond 4-lobe) with four circumferential corners (N=4) and regular sides. By comparing the folding

patterns of this tube with the similar specimen under quasi-static compression, it can be seen that the concertina mode



in this tube under quasi-static compression has changed into a non-axisymmetric diamond mode (Diamond 4-lobe)
under low-velocity impact loading. Therefore, it can be concluded that the effects of strain rate on folding modes of
this tube are negative compared with the one in quasi-static loading. On the other hand, an examination of the collapse
mechanism for the internal tube in this specimen shows that this tube, in contrast to the external tube, started its folding
process from the end, and the folding mode did not change compared to a similar specimen under quasi-static loading.
It is formed in non-axisymmetric diamond mode (Diamond 4-lobe). Moreover, based on Figure 29, some core tubes
underwent longitudinal cracking. Also, comparing the experimental and numerical collapsed specimens shows that

the numerical model could correctly predict the number and shape of external and internal tube folds.

Figure 29

By examining the collapsing mechanisms of APP specimen under low-velocity impact loading (shown in Figure
30), it can be noted that in contrast to APA specimen, the folding for all components of this sandwich tube has started
from the end. This specimen’s folding mode of two Al and PP tubes is in Diamond 3-lobe with three circumferential
corners (N=3). By comparing the folds in tubes of this specimen under both loading, it can be deduced that despite
the similarity of the shape of the first fold of the internal tube under quasi-static and low-velocity impact loadings, this
tube has cracked significantly at the middle section under low-velocity impact loading. Moreover, the folding mode
of the external Al tube has changed from non-axisymmetric diamond mode (Diamond 4-lobe) in quasi-static loading
to non-axisymmetric diamond mode (Diamond 3-lobe) under low-velocity impact loading. On the other hand, it is
observed that components of this sandwich tube go through a significant amount of cracks under low-velocity impact
loading, and strain rate has negative effects on their folding mode compared with two other specimens. Hence, the
APP specimen under low-velocity impact loading has the worst performance among the three sandwich tubes. As
proposed in Figure 28, the increase in PCF, MCF, EA, and SEA parameters is the lowest in this specimen compared
to the two other specimens and quasi-static loading. According to Figure 30(a) and (b), there is a proper agreement

between collapsed experimental and numerical models as for the APP specimen.

Figure 30

Similar to the APP, folding of all PPP specimen components under low-velocity impact loading, as shown in Figure
31, has started from its end. The first fold of the external PP tube from the end is in concertina mode. This fold is in

non-axisymmetric diamond mode (Diamond 3-lobe) in the external tube of PPP under quasi-static loading. Also,



circumferential and longitudinal cracks are seen due to the impact effects on some core and internal tubes. The
presence of cracks at the middle section of the internal tube in PPP prevents the folding process in this tube during
crushing. In this specimen, despite the unknown behavior of PP tubes under axial low-velocity impact loading, the

defined numerical model could successfully predict crushing mechanisms.

Observing the crushing mechanisms of collapsed models in all three specimens determined that cracks are formed
in most PP components. This can be due to the interaction between sandwich tube components and top and bottom
plates resulting from impact and temperature effects; Polypropylene tubes have a brittle behavior in the low-
temperature range under impact loading [38]. Although the high deformable behavior of PP tubes causes a reduction

in their energy absorption, the cracking issue can be solved by raising the temperature above room temperature.
Figure 31

In the end, results from the trend of force-displacement curves, critical energy absorption parameters, and
experimental and numerical models of crushing mechanisms for sandwich tubes under low-velocity impact
compression loading showed that the numerical model could, to an acceptable extent, predict the crushing behavior
of experimented specimens. As mentioned in section 3.3.1, for simulation of PP tubes in strain rate from low-velocity
impact compression loading, the elastic modulus, and yield stress should be increased by 10% and 30%, respectively,

as compared with their values under quasi-static compression [37]. Moreover, according to [61, 62], the aluminum

material has a limited sensitivity to strain rate at the range of [104-10%] (1/ s), and the mechanical properties used in

quasi-static loading can be employed during simulation under low-velocity impact loading.

4.3.3 Effects of designing parameters on low-velocity impact response:

After simulation of sandwich tubes under low-velocity impact loading and examining the obtained results, it is
determined that a numerical model could well predict the behavior of specimens under this loading. After correcting
the numerical simulation, similar to the numerical study in the quasi-static loading, three structures presented in Table
6 and Figure 21, are studied under axial low-velocity impact loading. Similar to experimental specimens under low-
velocity impact loading, all defined sandwich tubes with the kinetic energy of 1057.86 J and similar boundary

conditions to experimental specimens collapsed. To understand the efficiency and energy absorption of specimens



under low-velocity impact loading, in addition to the force-displacement curve, the results of critical energy absorption

parameters, including PCF, MCF, EA, SEA, CFE, and CLE, are proposed for each sandwich tube.

By comparing the force-displacement curves in Figure 32(a), (b), and (c), it can be noted that the material of hollow
core tubes is highly effective on energy absorption parameters and fluctuations of force-displacement curves, just as
the numerical study of sandwich tubes under quasi-static loading. The fluctuation and slope of the force-displacement
curve in the elastic region for most specimens with Al cores and each of three defined configurations are higher than

specimens with PP cores with a similar configuration.

Comparing the force-displacement curves (shown in Figure 32) and results of

Table 9, for sandwich tubes with the same component material and different configurations, it can be concluded that
sandwiching hollow tubes in configuration 3 are similar quasi-static loading, gives the highest PCF and MCF. On the
other hand, the lowest value in two parameters is obtained for each specimen in configuration 1. However, the results
of Figure 32(d) show that sandwiching hollow tubes with each desired material permutation in configuration 1 gives
the highest SEA value in contrast to results obtained under quasi-static loading. Therefore, although defined specimens
in configuration 1 have a lower MCF and PCF value, the defined specimens with a lower weight than specimens with
similar material in two other configurations absorb the entire imposed energy with a higher crushing length. On the
other hand, sandwiching hollow tubes in configuration 3, even though it increases PCF and MCF values, gives the
lowest SEA and CLE under imposed kinetic energy. Also, the results of the EA parameter in sandwich tubes with Al
cores (shown in Figure 32(d)) indicate that sandwiching hollow tubes in configurations 2, 1, and 3, respectively, gives
the highest energy absorptions. However, specimens with PP cores, including APP and APA, experienced the lowest
EA value in configuration 2 compared with two other configurations. On the other hand, although the MCF and PCF
values are lower in PPP in configurations 1 and 2 than in configuration 3, the higher crushing length of this specimen

equated energy absorption EA for this specimen in all three configurations to 689.17 J.

On the other hand, investigation of EA and SEA parameters in sandwich tubes with a similar configuration show
that in the specimen in configuration 1, even although two PAA and PAP specimens have the highest EA value as in

quasi-static loading, sandwich tubes with PP tubes (APP and APA) have the highest SEA value due to the higher PP



component that is affected by strain rates in low-velocity impact loading; in this configuration, PAA and PAP
specimens have the largest EA value. Also, despite that, the highest EA value belongs to AAA and AAP with
configuration 2, PPP and APA have the largest SEA value, respectively, and a lower EA value than specimens with
Al core. Between specimens of configuration 3, APP and APA have the largest EA and SEA values, respectively, in
contrast to quasi-static loading. Observing parameters of table 9 shows that between specimens with configurations 1
and 3, AAA sandwich tube with Al cores has the lowest crushing length and largest CFE, PCF, and MCF values.
Furthermore, this specimen achieved the largest CFE and PCF values in configuration 2 among specimens with a

similar configuration.

As mentioned, sandwiching APP tube components in configurations 1 and 3 caused a desirable efficiency and
highest SEA value in specimens with a similar configuration. Due to destructive interaction effects in configuration
2, this specimen has the lowest EA and SEA among sandwich tubes with a similar configuration. Finally, specimens
with the largest SEA value in each configuration are shown in Figure 33, according to the results, APP specimens in
configurations 1 and 3 and PPP specimens in configuration 2 have the largest SEA value compared to specimens with

similar configurations.

Figure 32

Table 9
Figure 33

4.3.4  Interaction effect between sandwich tube components under low-velocity impact:

As in section 4.2.4, the effects of interaction between the components of the sandwich tubes under quasi-static
compression were investigated. This section also examine this issue for the samples defined in the numerical study
(shown in Figure 21) is treated under the low-velocity impact loading. For this purpose, all single hollow aluminum
and polypropylene tubes used in sandwich tubes with the same kinetic energy and boundary conditions as the bio-
inspired specimens defined in section 4.3, under low-velocity impact loading, have been numerically simulated. A
comparison was made between the values of PCF, MCF, CFE, EA, and SEA parameters for each sandwich tube and
the sum of their components to investigate the interaction effects between the sample components. It is observed that

the specimens with the external aluminum tube except for the APA sample in Configurations 1 and 2 have been able



to reduce the amount of PCF relative to the sum of the value of this parameter in the respective components when
Examining the amount of changes in the mentioned parameters for each sandwich tube with the sum of their
components in all three configurations (shown in Figure 34). On the other hand, sandwiching single hollow tubes in
all specimens in configuration 3 has increased the amount of peak force in the sandwich tube relative to the sum of
this parameter in the components. Also, the sandwich tubes defined as configuration 3 had the largest increase in

MCF, EA, and SEA parameters relative to the sum associated with their components.

It can be concluded that the material of the core tubes is very influential in the results considering the results
obtained for samples with different material permutations and the same configuration. As can be seen in the specimens
with configuration 1, by changing the material of the core tubes from aluminum to polypropylene, the amount of peak
force increases relative to the sum of this parameter in the relevant components. This trend is also observed in the
specimens defined in configuration 3. On the other hand, in most samples of all three configurations, the amount of
CFE has increased in relation whit the sum of the relevant components by replacing the aluminum core tubes instead
of the polypropylene core tubes. Also, by comparing the results presented in the samples with the same configuration
(shown in Figure 34(b)), it is observed that the increase of EA in AAA-AAP specimens and also the increase of SEA
in PPA-PPP samples compared to the sum of components had the lowest and highest values, respectively. Finally, it
can be concluded that sandwiching single hollow tubes as hierarchical structures defined in all specimens under low-
velocity impact loading increases the value of MCF, CFE, EA and SEA relative to the sum of each parameter in the
components of each sandwich tube. Also, sandwiching single hollow tubes in all samples except AAA, AAP, APP
defined in configuration 2, and APA in configuration 1 has increased the value of the PCF parameter compared to the
sum of this parameter in the relevant components. Therefore, from this point of view, sandwiching single hollow tubes

has not had a good effect.

Figure 34

4.35 Comparison of low-velocity to quasi-static variations of crush parameters:

As mentioned in section 3.3.1, for simulation of Al tubes under low-velocity impact loading in strain rate range of
[104-10%] (1/S), they are insignificantly affected by strain rate. However, contrary to these tubes, the behavior of PP

tubes is a function of strain rate. For further understanding of the effects of low-velocity impact loading and strain rate



on components of sandwich tubes, especially PP tubes, the critical energy absorption parameters (PCF, MCF, EA, and
SEA) for sandwich tubes under two loading types of low-velocity impact and quasi-static are compared at similar

displacements. This comparison is performed for all sandwich tubes defined in numerical modeling.

By studying the critical energy absorption parameters from force-displacement curves, it is noted that PCF, MCF,
EA, and SEA parameters increased in all defined specimens under low-velocity impact loading compared with quasi-
static loading (shown in Figure 35(a), (b)). The results of mentioned parameters for sandwich tubes with a similar
configuration demonstrate that specimens with PP cores (PPP-PPA-APP-APA) exhibit the most significant increase
under low-velocity impact loading than under quasi-static loading, contrary to sandwich tubes with Al cores (PAP-

PAA-AAP-AAA).

By examining the specimens with the same material but different configurations, it is noted that sandwiching most
specimens in configuration 3, due to larger number of core tubes and an internal tube with a larger diameter, caused
the most significant increase in PCF, MCF, EA, and SEA parameters under low-velocity impact loading than in quasi-
static loading. Hence, as the number of cores increases from configuration 1 to configuration 3, changes in mentioned
parameters under low-velocity impact loading become more significant than quasi-static loading. However, in some
sandwich tubes, such as APA specimen, the highest increase for mentioned parameters occurred in configuration 2
and sandwiching PPP specimen in configurations 1, 2, and 3 led to the most significant increase in three MCF, EA,

and SEA parameters, respectively, under low-velocity impact loading.

Finally, based on MCF, EA, and SEA parameters, it can be argued that strain rate effects in low-velocity impact
loading on PPP sandwich tubes’ components in configurations 1 and 2 and on PPA specimen in configuration 3 made
these sandwich tubes known as having the best performance under low-velocity impact loading than quasi-static
loading. Moreover, from an energy absorption point of view, with the most significant increase in PCF parameter,
sandwich tubes AAA and AAP have the least significant increase among eight defined specimens with configurations
1 and 3. Also, between specimens in configuration 2, AAA and PAA sandwich tubes have the lowest increase in PCF

parameters, respectively.

Figure 35

5. Conclusion



This research aims to investigate the behavior of pure polypropylene pipes along whit aluminum tubes with regard
to folding capability, sensitivity to strain rate, ease of construction and deformation, renewable, good mechanical
properties compare to low weight, and low cost, as well as the effects hierarchical structure by generating appropriate
interaction is done. To do this, we examined full-PP and Al/PP second-order hierarchical structures inspired by
horsetail, human tendons, and spongy bone, a promising approach for designing novel combined-material hierarchical
structures experimentally and numerically. Also, the effect of materials used for internal, external, and core tubes in a
given geometry was evaluated experimentally and numerically. In the numerical investigation of the effect of the
internal and the core tubes’ diameter, two other geometries were considered in addition to experimental ones. In all
three geometries, the effect of tube material was examined by a complete factorial approach. The concluded remarks

are as follows:

1- Comparing the collapse mechanisms of single hollow Al and PP tubes with sandwich tubes under quasi-static
loading shows that hierarchical structure improves the collapse mechanisms of single hollow tubes. This

includes external Al tube in APP and APA and external and internal PP tubes in PPP and internal PP tube in APP.

2- Sandwich tubular structures increase loading capacity and energy absorption under quasi-static loading compared
to single hollow tubes. Also, comparing the results between three APP, APA, and PPP specimens reveals that the
highest PCF, MCF, EA, and SEA values are for APP, despite fewer Al components relative to APA. Also, under low-
velocity impact loading, despite that, the EA of APA is the highest and SEA of PPP specimens are almost the same.

Moreover, PPP is more cost-efficient and has more convenient renewability.

3- The numerical results of PCF, MCF, EA, and SEA parameters for each specimen under two loading conditions
show that the parameters increase significantly under low-velocity impact loading compared to quasi-static loading.
This may be due to the high sensitivity of PP tubes to the strain rate. As the number of PP components increases in
specimens, this difference in the four mentioned parameters is increasingly highlighted. For instance, in PPP, the PCF,
MCF, EA, and SEA values have increased by 163.31%, 263.91%, 294.68%, and 293.71%, respectively, under
dynamic loading relative to quasi-static loading that indicates better performance and higher efficiency of PPP under

this loading.



4- Based on numerical results under quasi-static loading for three defined configurations, the highest EAs among
specimens of configurations 1, 2, and 3 are for sandwich tubes PAA (1792.18 J), AAA (3229.94 J), and AAA (4976.42
J), respectively. Also, the largest SEA values are for specimens PAP (12.83 J/g), PAA (13.86 J/g), and AAA (20.13
J/g), respectively. On the other hand, by comparing the results of low-velocity impact loading, it can be concluded
that the highest EAs are for sandwich tubes PAP (1089.0 J), AAA (1123.25 J), and APP (1082.46 J), respectively.

Also, the largest SEAs are for specimens APP (9.34 J/g), PPP (6.89 J/g), and APP (7.04 J/g), respectively.

5- Considering the interaction effects between the sandwich tube components, it can be seen that sandwiching single
hollow tubes significantly increases (especially the specimens defined as configuration 3), MCF, EA, SEA, and CFE
in most specimens when compared to the sum of these parameters in their single hollow tubes. Furthermore,
sandwiching single tubes under quasi-static loading considerably decreases the peak force compared to the sum of this

parameter in each specimen's components (especially the specimens defined as configuration 1).
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Figure 1 : Illustration of biological structures inspiriting bio-mimetic energy absorbers a) horsetail [56], b) human tendons [58],
¢) spongy bone [4], d) Schematic of a hybrid multi-cell sandwich tube (APP) [16].
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Figure 4: Simulated (a) aluminum tubes and (b) polypropylene tubes.
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Figure 5: Simulation of the bio-inspired hybrid multi-cell sandwich tube (APP).
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Figure 19 : Comparison of axial crushing modes of APP specimen from the (a) experimental and (b) numerical results
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Figure 21 : Three configurations corresponding to parametric study: a) config.1, b) config.2, and c) config.3.
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Figure 29 : Status of low-velocity compression of (a) experiments and (b) simulation of APA specimen.
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Figure 30 : Status of low-velocity compression of (a) experiments and (b) simulation of APP specimen.
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Figure 33 : axial crushing modes of the specimen with the highest SEA in (a) config.1 (b) config.2 (c) config.3.
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Figure 34 : The crashworthiness evaluation indexes of all sandwich tubes in the parametric study and the sum effect of
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Figure 35 : Comparison of low-velocity to quasi-static variations of crush parameters.



Tables:

Table 1
Mechanical properties of neat polypropylene

Property Young’s moduli (MPa) yield stress (MPa) ultimate stress (MPa) Poisson’s ratio
Value 1450 24 28 0.45
Table 2
(D/t) and (H/D) ratios corresponding to Al and PP tubes.
D/t H/D
Internal Al Yo, Y,ov
External Al AY, AR
Internal PP YY,¥Y Y,ev
External PP og,y AR
Core PP Ve, £,Y4
Table 3
Comparison of quasi-static experiment and numerical simulation results of Al tubes.
Specimen Result PCF (kN) MCF (kN) CFE (%) CLE (%)
Experimental Vo, 0 T, 1v,e AL ¢
Internal Al Numerical Y 1Y YRY LRI
Error (%) 1,88 .80 T Y,
Experimental £, Yo,14 TV,A4 vo,q
External Al Numerical £Y, 74 VE,Ae K vy, .
Error (%) o,Yv Y1 v,4 1,¢
Table 4
Comparison of quasi-static experiment and numerical simulation results of PP tubes.
Specimen Result PCF (KN) MCF (kN) CFE (%) CLE (%)
Experimental V,08 (AR va,Y va,y
Core PP Numerical Y, oA .04 YV,¥ vé,o0
Error (%) Y1 Y,Y £,0A 1€
Experimental AFRAL +,44 YY,v AY)N
Internal PP~ Nymerical Yo Y, ¥ Yi,. YA,4
Error (%) Ve \FR £, °))
Experimental °,\ ¥ AP £6,A v,y
External PP “Nymerical 5,2V Yy Y, V4,4
Error (%) LI \V,¥ £,9 oY




Table 5
Comparison of quasi-static experiment and numerical simulation results of sandwich tubes.

Specimen Result PCF (KN) MCF (kN) CFE (%) CLE (%)
Experimental £1/0A Y¥/YO d8/4Y YYANo
APA
Numerical ARVAR Y¥F/F. AV #v/4
Error (%) \FA4 \7A4 479 VY
Experimental ¥e/vv Y¥/0 IAVAN FANY
APP Numerical £Y/7A YY/YA OY/Y F¥/5
Error (%) &/A \PAl YN YAl
Experimental YANY a/9A ALAR 7A/4
PRP Numerical YA/ /0¥ AR 7A/¥
Error (%) V8 ¥/¥ Y Y
Table 6
Geometric characteristics of the three configurations defined in the parametric study.
D internal tube (mm) D core tube (mm) Number of core tubes
Config.1 Yo vy <
Config.2 A Y A

Config.3 oo Y 1




Table 7
Summary of the corresponding crashworthiness parameters of the various hybrid multi-cell tubes configurations.

Configuaration | Material permutation | PCF (kN) MCF (kN) CFE (%) CLE (%)
AAA
AAP
APA
APP
PAA
PAP
PPA
PPP

Config.1

AAP
APA
APP
PAA
PAP
PPA
PPP

Config.2

AAP
APA
APP
PAA
PAP
PPA
PPP

Config.3

Table 8
Comparison of low-velocity impact experiment and numerical simulation results of sandwich tubes.
Specimen  Result PCF (kN) MCEF (kN) CFE (%) CLE (%)
Experimental YooV AXVARG VosAY Vo ?

APA

Numerical Y 4/A0 YA/A \avias YY/AA

Error (%) Y4 /Y &/¥ V/AY
Experimental 7474 FV/7¥ AV AAVARY

APP

Numerical 7Y/AY Fo/vA YY/AY YY/0A

Error (%) A Y/ 8/ £/

Experimental EAVARG V70 VY/Y Y00

PPP Numerical YV/V¥ A\RAR Y7/YY A\EVARS

Error (%) A& Y/¥ &/ \/¥




Table 9
Summary of the corresponding crashworthiness parameters of the various hybrid multi-cell tubes configurations.

Configuaration | Material permutation | PCF (kN) MCF (KN) CFE (%)
AAA
AAP 47.74 7131
APA 22.23 l46.41
. APP 29.19 71.37
Config.1 oAA . -
PAP Ba.01 bass
PPA 18.75 59.54
PPP 70.75
AAA
AAP 77.01
APA [71.73
. APP [72.82
Config.2 SAA -
PAP Bo.61
PPA 82.15
PPP 76.35
AAA 4
AAP B4 55
APA B7.77
_ APP 78.65
Config.3 AR '3
PAP B2.29
PPA 80.23
PPP 54.45
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