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This paper investigates experimentally and numerically the protective capability of skeletal muscle-inspired
hierarchical tubular (MHT) structures made of aluminum under both quasi-static and dynamic impact condi-
tions. In the quasi-static compression tests, structures with higher hierarchical order were more deformable and
had lower contact force. Dynamic impact tests were conducted for the first time on MHT specimens of three
different hierarchical orders using a drop tower facility. The results indicated a significant reduction in both the

maximum and mean contact forces on the protected body when shielded by the second- and third-order MHT
structures. This suggested that increasing the hierarchical order of the structure effectively enhanced impact
protection capability. Numerical models were developed using ABAQUS/Explicit to accurately reproduce the
deformation process and force-time functions of the dynamic impact scenarios. A parametric study found that the
impact resistance performance of the MHT structures was robust against various impact velocities and masses.

1. Introduction

The energy absorption capacity of hierarchical structures has gained
significant attention in engineering fields, especially in developing
safety cladding or barriers that can withstand high-impact loads. Pre-
vious studies have found that some hierarchical structures [1-7] and
biomimetic hierarchical structures [8-17] exhibited remarkable
strength and stiffness or superior energy absorption capabilities
compared to conventional structures under quasi-static and dynamic
loading conditions due to the changes in deformation modes and
mechanisms [18].

Skeleton muscle tissues comprise several hierarchical levels, each
with unique properties that allow muscles to function under various
conditions. The complex hierarchical structure of skeleton muscle tis-
sues provides them with remarkable strength and stiffness, as well as
impact resistance, making them an ideal model for developing new
structures with enhanced mechanical properties. Inspired by the inter-
nal architecture of skeletal muscle tissues, the novel muscle-inspired
hierarchical tubular (MHT) structure was first designed and presented
by Tsang and Raza [19] as shown in Fig. 1. Numerical simulations were
conducted using ANSYS software to investigate the impact energy ab-
sorption capacity of the MHT structure. The results suggested that as the
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hierarchical order increases, the values of peak von Mises stress, peak
von Mises strain, peak displacement, peak contact force, and peak total
energy on the target body (protected object) were dramatically reduced,
indicating that the impact protective capability of the structure has been
significantly improved. In the experimental study in [20], the
quasi-static compression test was carried out to explore the energy ab-
sorption capacity of MHT structure made by 3D printed thermoplastic
polyurethane (TPU) 95A filament material. The experimental result re-
veals that with the same displacement, the force-carrying and energy
absorption capacity of the structure improves significantly as the hier-
archical order increases. Moreover, in the further numerical study pre-
sented in [21], a ceramic MHT composite armor structure was proposed.
The simulation results illustrated that the peak normal stress and
average normal stress at the protected interface reduced significantly
with the increase of hierarchical order. Besides, the hierarchical struc-
ture with self-similarity exhibited a better energy dissipation perfor-
mance than structures without. The improvement was caused by the
delocalization of the damage over multiple crack paths in the inner
tubes.

Apart from the MHT structure, Wang et al. [22] and Olabi et al. [23]
investigated the quasi-static and dynamic behavior of nested circular
tubes theoretically, experimentally and numerically. Other hierarchical
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structures were designed based on side [2,24] or vertex [25-27] hier-
archies, and the impact load was mostly applied along the axial direction
[28,29]. The novel MHT structures mimicked the unique hierarchical
features of skeletal muscle tissues, which exhibited superior perfor-
mance under lateral impact conditions. Previous research on the MHT
structure was primarily based on numerical studies [19,21] and the only
experimental study was based on quasi-static testing conducted on
specimens made of soft TPU material [20]. When structures are used as
components in industries, they could be subjected to dynamic loading
conditions, such as car crash, hailstone impacts or tool drops. Impact
loads in such events are applied and varied in a short time. Research has
shown that structures behave differently under impact loadings from
those under quasi-static loadings. It is of critical importance to under-
stand the performance of structures under impact loading. Therefore, to
develop a deeper understanding of the performance of MHT structures
under impact loadings and explore their potential applications in engi-
neering practices, it is worthwhile and necessary to conduct experi-
mental studies into the impact resistance of this novel structure made of
aluminum to investigate its deformation modes and energy absorption
mechanism under impact actions. Furthermore, the test results can be
employed to validate the finite element models for numerical studies in
the future. This article presents further research on the quasi-static
compression behaviors and impact resistance capacity of aluminum
MHT structures experimentally and numerically. Three hierarchical
orders of MHT structures with the same cross-sectional area were
designed and fabricated based on the basic design rules proposed in
[19]. The quasi-static compression and dynamic drop hammer tests
were conducted to investigate the deformation behaviors, impact
resistance performance and mechanism of the MHT structures. Besides,
finite element models of MHT structures were built in ABAQUS software
and validated by the experimental test. The influence of impact mass
and velocity was examined numerically using the validated models.

2. Geometric design and fabrication of specimens

The basic design principle of the MHT structure is to create the
higher order MHT structure by replacing part of the original tubular
structure with seven equal-sized smaller tubular segments. The hierar-
chical order is defined as the number of levels with repeated recognized
structures [20]. The design of the cross-sections of the MHT structures is
presented in Fig. 2. The first-order structure presented in Fig. 2(a) is the
original tubular structure, which acts as the reference case. The
second-order MHT structure as shown in Fig. 2(b) is formed by replacing
part of the original tubular structure with seven medium-sized tubes
(green tubes). These seven green tubes act as the Level I tubes in the
second-order structure, and the blue outer tube acts as the Level II tube.
For the third-order MHT section, as shown in Fig. 2(c), the largest Level
I1I tube (blue tube) encloses seven Level II medium-sized tubes (green
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tubes), and then each Level II tube encloses seven small-sized Level I
tubes (red tubes).
The fundamental design rules of MHT structures are listed as follows:

1. The inner diameter of the Level n tube section is equal to three times
the outer diameter of the Level (n-1) tube.

2. The tubes of all hierarchical levels in the same order structure are
self-similar, which means the ratio of the outer diameter to the
thickness of the tubes is consistent across levels. The ratio of the
outer diameter (and thickness) of the Level n tube to the Level (n-1)
tube is defined as the hierarchical length ratio.

3. The total cross-sectional area of each MHT structure remains con-
stant, indicating that the material usage for manufacturing stays the
same for each structure. This facilitates a fair comparison of material
efficiency.

The dimension of the Level I tubes (the smallest tubes) in the third-
order structure needs to be set first based on the size of the smallest
tube available on the market. Next, the dimensions of other hierarchical
structures and the tubes at each level would be calculated according to
the basic design rules and then fabricated using round bars of proper
size. The smallest tube available on the Australian market has an outer
diameter (OD) of 6.35 mm and a thickness (t) of 0.91 mm. Therefore,
this was used as th Level I tube in the third-order structure. The di-
mensions of the tubes of other levels for structures of different orders are
shown in Table 1. All three structures have the same outermost diameter
and cross-sectional area of 112.3 mm and 7551.1 mm?, respectively.
The length (out-of-plane thickness) of the specimens was set as 56 mm
(around half of the diameter), which is sufficiently thick to prevent out-
of-plane buckling [20]. Three different sizes of aluminum bars with di-
ameters of 120.3 mm, 35.14 mm, and 25.4 mm and one size of
aluminum tubes were purchased from a local supplier. These raw round
bars were machined at the engineering workshop at Swinburne Uni-
versity of Technology for fabricating tubes of different dimensions to
form the three hierarchical structures of different orders based on the
dimensions shown in Table 1. Specifically, the round bars with a
diameter of 120.30 mm were machined to become the outermost tubes
of different thicknesses for all three MHT structures. The round bars with
diameters of 35.14 mm and 25.40 mm were machined as the Level II
tubes of the third-order MHT structure and the Level I tubes of the
second-order structure, respectively. A total of six specimens (three for
the quasi-static test and three for the drop hammer test) were manu-
factured for each order of MHT structures. A small amount of epoxy was
used to fix the position of the smallest tubes for the third-order structure
due to the size deviation. The photographs of the fabricated specimen for
each order of the MHT structure are presented in Fig. 3.

(b)

Fig. 1. (a) Sketch of the internal architecture of skeleton muscle tissues with multiple hierarchical levels [30], (b) AutoCAD sketch of the proposed third-order

muscle-inspired hierarchical tubular (MHT) structure.
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Fig. 2. Cross-sectional layouts of (a) the first-order MHT structure (reference case), (b) the second-order MHT structure, and (c) the third-order MHT structure.

Table 1

Dimensions of tubes of different hierarchical orders and levels of the specimens.
Hierarchical order 1st order 2nd order 3rd order
Level number 1 1 I 1 I 111
Inner diameter d (mm) 54.74 16.02 73.47 4.53 19.05 80.11
Outer diameter D (mm) 112.30 24.49 112.30 6.35 26.70 112.30
Mean diameter (mm) 83.52 20.26 92.88 5.44 22.88 96.20
Thickness (mm) 28.78 4.23 19.41 0.91 3.83 16.09
Area (mm?) 7551.10 1885.90 5665.18 762.05 1925.23 4863.82
Hierarchical length ratio 4.59 4.21
Total area (mm?) 7551.10 7551.10 7551.10

Fig. 3. Photographs of fabricated specimens: (a) first-order MHT structure, (b)
second-order MHT structure, (c) third-order MHT structure.

3. Quasi-static compression tests
3.1. Test setup

Lateral quasi-static compression tests were conducted by using the 5-
MN MTS machine, as shown in Fig. 4, with a constant loading speed of
2 mm/min. The reaction force from the top platen and the displacement
were measured and recorded by the MTS machine directly. Sony RX100
camera was employed to capture the lateral deformation process of the
specimen during quasi-static compression tests to investigate the failure
mechanism. The free software Tracker was also used to track and
measure the actual displacement based on photos captured by the
camera to ensure the precision of the results. Three repeat tests were
carried out for each order of the MHT structures to ensure repeatability

Fig. 4. The 5-MN MTS machine for lateral quasi-static compression tests.

and accuracy of the results.

3.2. Results

The cross-sectional views of the structures of all three orders
captured by the camera at the instants of maximum crushing force and
completely cracked were presented in Fig. 5. Similar deformation modes
and damage patterns can be observed in repeated tests. Fig. 5 depicts the
deformation mode and the shearing failure that happened on the three
structures, which caused a clear drop in the contact force. The force-
displacement curves of the three structures up to the occurrence of
cracking at the outermost tube (when the crushing force is at its
maximum) are shown in Fig. 6. In general, the crushing process can be
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Fig. 5. Cross-sectional views of first-order structure at the instants of (a) maximum crushing force, and (b) completely cracked; cross-sectional views of second-order
structure at the instants of (¢) maximum crushing force, and (d) completely cracked; and cross-sectional views of third-order structure at the instants of (¢) maximum

crushing force, and (f) completely cracked.

divided into three stages: (1) the elastic deformation stage, (2) the
plastic deformation stage, and (3) the failure stage. The cracking that
happened in the failure stage was detected at the outermost tube surface.
The cracks initially occurred in the top and bottom sections of the
outermost tube. Subsequently, they continued to develop as the
displacement increased until the outermost tube was torn apart along
the cracks. It can be observed from Fig. 6 that second- and third-order
hierarchical structures were more deformable and exhibited a lower
load-carrying capacity. This is partly because of the reduced wall
thickness of the outermost tube, which increased the deformability of
the whole structure. In addition, the smaller tubes deform more due to
the small thickness of their wall. Therefore, the stress and strain across
the section were delocalized. As a result, the peak and mean compres-
sion force of the second- and third-order MHT structures were lower
compared to the first-order structure. The maximum crushing force of
the second- and third-order MHT structures was reduced by 41.6 % and
58.8 %, respectively, compared to the first-order structure. The re-
ductions in the mean crushing force for the second- and third- order

MHT structures were 47.0 % and 60.9 %, respectively. Besides, the
failure displacements of the second- and third-order structures were
larger, which indicated that such higher-order structures presented
better ductility than the conventional tube. The energy absorption of the
structures under the quasi-static compression test was calculated using
the following equation:

Z g

EA F x dx (@]
0

where F(x) and d, are the crushing force and the initial crack displace-
ment (at the right end of each curve) during the compression process,
respectively. The energy absorption of the first, second- and third-order
MHT structures are 1635 J, 1690 J, and 1655 J, respectively. The results
show that MHT structures with different hierarchical orders had similar
energy absorption before the crack happened, while the second- and
third-order structures were more deformable and had lower contact
force.
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Fig. 6. Comparison of the compressive force vs. displacement curves up to the
initiation of cracking obtained from the quasi-static tests.

4. Drop hammer tests
4.1. Test setup

The low-velocity tests were conducted on the structures of all three
orders using the Drop Tower at Swinburne University of Technology,
and a photograph of the test setup is presented in Fig. 7. The top platen
and the stack of steel plates above formed an impactor (hammer) with a
weight of 105.26 kg, and the specimen was placed above the bottom
platen. The bottom platen acted as the body being protected. In order to
prevent the tubular section from rolling, double-sided tape was used to
adhere the bottom surface of the specimen to the bottom plate. Then the
impactor was designed to crash on the MHT structure laterally (along
the diameter of the tube) with an impact speed (v) of 7 m/s. By using the
following equations,

2
hgt;vgt 2

(QILQHHULQJ BWUXFWXUHV

the height (h) of the hammer was set as 2.5 m to generate a 7 m/s impact
velocity. The gravity (g) was set as 9.81 m=s? in the equation. t repre-
sents the time duration in seconds of the hammer’s fall. Thus, the impact
energy was 2572.5 J. Fig. 8 shows a sketch of the impact test (with the
second-order MHT section as an example). The high-speed camera was
placed at the front of the specimen to record the impact velocity and
crashing behavior of the specimen under impact. The data recording
devices consisted of the Digital Oscilloscope, Kistler monitor and the
laptop. The displacement during shock was measured by the laser device
attached to the top platen and recorded by the Digital Oscilloscope. The
contact force from the bottom platen was captured by the load cell and
Kistler monitor and also recorded by the Digital Oscilloscope. The data
acquisition began simultaneously once the suspended hammer was
released from the predefined height until it bounced up after the impact.
To ensure the accuracy of the results, repetitive tests were conducted on
different orders/configurations of specimens at least two times.

Fig. 8. A sketch of the impact test setup for second-order MHT structure as
an example.

Fig. 7. Low-velocity test setup with data recording devices connected to the Drop Tower using cable and lights used to increase the brightness to ensure the

definition of high-speed camera recordings.



C. Liu et al.

4.2. Results

The crashing behaviors are shown in Fig. 9 and the contact force-
time curves are presented in Fig. 10. The results are well repeated for
the same order of MHT structure under drop hammer testing. In general,
the entire impact process can be divided into two phases. Phase 1 is
when the impactor compresses the specimen until the maximum
displacement is reached. Phase 2 is when the impactor is bounced up
after the maximum displacement is reached. This study focuses on the
impact behavior and energy absorption performance of the MHT
structures in Phase 1. Several small cracks could be observed in the Level
I (innermost, smallest) tubes of the third-order structure under impact,
which caused a decrease in the contact force. Large cracks could also be
detected at the bottom sections of the Level III (outermost) tube of the
third-order structure under impact. The occurrence of this crack led to a
dramatic decrease in contact force at 3.8 ms in the curve shown in
Fig. 10. No apparent cracks can be detected on the tube surface of the
other two structures. In addition, it can be observed from Fig. 9 that the
second- and third-order MHT structures exhibited higher deformability

Fig. 9. Deformation behavior of the first-order structure at the instants of: (a)
maximum contact force, (b) maximum displacement; second-order structure at:
(c) maximum contact force, (d) maximum displacement; third-order structure
at: (e) maximum contact force, (f) maximum displacement.

(QILQHHULQJ BWUXFWXUHV

Fig. 10. The contact force at the bottom platen obtained from the drop
hammer tests.

under the same impact scenario, which increased the plastic deforma-
tion of the structures. Therefore, the energy absorption capacity of the
second- and third-order structures was enhanced, which led to a lower
contact force at the protected body (bottom plate) as shown in Fig. 10. It
can be observed that the MHT structure attained peak contact force upon
initial impact. Subsequently, the force-time curve exhibits minor fluc-
tuations until it reaches maximum displacement. The mean contact force
(Fmean) is the mean force from the starting point (d 0) to the point of
maximum impact displacement, which can be calculated by

R‘dFd
o Ftadt

> 3

F, mean

where t; is the time when the maximum impact displacement was
attained.

The maximum and mean contact forces at the bottom plate in Stage 1
were analyzed to evaluate the impact resistance performance of the
structure as shown in Table 2. The maximum and mean contact forces on
the target body (bottom platen) were 387.0 kN and 340.8 kN under the
protection of the first-order structure; the maximum and mean contact
force on the bottom platen reduced by approximately 44 % and 45 % by
replacing the first-order structure with second-order MHT structure, and
the reduction in the maximum and mean contact forces raised to 58 %
and 60 % under the protection of the third-order MHT structure. The
results show that the contact force on the protected body decreased
dramatically while the hierarchical order increased, which indicates
that the second- and third-order structures exhibit a better energy
dissipation capability.

5. Numerical analysis
5.1. Finite element modeling

The finite element (FE) simulation presented in this section aimed to
simulate the drop-hammer dynamic test and further investigate the
impact mechanism of the MHT structure. The finite element models of
all three structures were built using ABAQUS/Explicit [31]. Since all
aluminum tubes were relatively thick, all the tubes of different sizes
were discretized using eight-nodes conventional solid element (C3D8R).
Two rigid shell planers were used to simulate the top platen (Impactor)
and bottom platen of the Drop Tower Machine. The damage mode was
set as ductile damage. Mesh convergence analysis was conducted to
determine the mesh fineness of each size of tube. The tube of the
first-order structure, the Level II tube of the second-order structure and
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Comparison of maximum and mean contact forces for structures of different hierarchical orders under impacts.

1st-order 2nd-order Reduction compared to the 1st-order 3rd-order Reduction compared to the 1st-order
structure structure structure structure structure

Max. contact force (kN) 387.0 170.3 44 % 224.4 58 %

Mean contact force 340.8 153.4 45 % 204.5 60 %

(kN)

the Level III tube of the third-order structure (i.e., all outermost tubes)
were defined as the large-size tube. The Level I tube of the second-order
structure and the Level II tube of the third-order structure were defined
as the middle-size tube, while the Level I tube of the third-order struc-
ture was defined as the small-size tube. The results suggested that the
computed contact force converged at the element size of 2 mm, 0.8 mm
and 0.3 mm for the large-, middle-, and small-size tubes, respectively.
An elastic—plastic bi-linear material model with the material properties
obtained from the quasi-static uniaxial tensile test reported in Section
5.2 was adopted in the simulation. The material model for the 6.35 mm
diameter tube was applied to the Level I tubes of the third-order struc-
ture. The material properties of the 35.14 mm and 25.40 mm diameter
round bars were applied to the Level II tubes of the third-order and the
Level I tubes of the second-order MHT structures, respectively. Lastly,
the material model for the 120.3 mm diameter round bar was applied to
the large-size (outermost) tubes for all the structures in the finite
element models. The default value of 99% for maximum degradation
was chosen to delete an element from the mesh. The surface-to-surface
contact interaction with a friction coefficient of 0.3 was used to define
the contact between the specimen and bottom plate due to the influence
of the double-sided tape. Besides, the contact between the upper plate
and the specimen was set to a surface-to-surface contact with a friction
coefficient of 0.2 [32], and general contact interaction with a friction
coefficient of 0.1 was used to define the contact between the tubes for
the second- and third-order structures. Fixed constraint boundary con-
dition was defined at the bottom platen, and the top platen (impactor)
moved straight downwards with an initial velocity measured by the
high-speed camera (and laser device) with a mass of 105.26 kg. In the
experimental impact test, the double-sided tape was used to adhere the
MHT structure to the bottom plate to prevent specimen rotation. The
specimen could be moved by hand easily before the drop hammer test.
However, after the impact, the specimen was fixed very firmly on the
base plate by double-sided adhesive, making it difficult to remove the
specimen. This phenomenon indicated that the boundary condition and
constraint were changed during the impact process due to the influence
of the double-sided tape. As a result, in the finite element analysis, extra
node-to-surface constraints were imposed at the contact surface between
the underside of the MHT specimen and the bottom plate to simulate the
boundary condition precisely during the impact.

5.2. Material properties

Each size of the round bars with diameter of 120.30 mm, 35.14 mm,
and 25.40 mm was sampled in part and then fabricated into five dog-
bone pieces for tensile test. The round tube was cut into pieces
directly to be used in the tensile test for obtaining their mechanical
properties. The sizes of the tensile specimens were determined based on
the availability of materials and the requirement of the ASTM standard
E8/E8M. The dimensions of each dog bone specimen (round bar) are
listed in Table 3 below, and the photograph of each size of the specimen
is shown in Fig. 11(a). For the tensile specimen made by tube (OD
6.35mm, t 0.91 mm), two plugs were inserted into both end parts of
the tube specimens. The total length of the tube specimen was 80 mm
and 30 mm in length. The diameter of the plug was equal to the inner
diameter of the tube (4.53 mm).

Quasi-static tensile tests of these specimens were conducted using
the 100 kN Universal Instron Machine with 25 mm MTS extensometer

Table 3

Dimensions of dog-bone specimens made from different sizes of round bars.
Diameter of Total Gauge Diameter of  Diameter of  Length of
round bar length length each end each gauge the end

(mm) (mm) part (mm) part (mm) part
(mm)

120.3 mm 55 20 7 4 15
35.14 mm 85 30 12 6 25
25.4 mm 95 30 12 6 30
Supplementary 145 30 12 6 55

and 10 mm extensometer attached to the specimen to record the values
of tensile strains. The loading rate was set to 1.5 mm/min for the round
bars with two sizes of specimens (lengths of 85 mm and 95 mm), and the
loading rate was set to 0.6 mm/min for the specimens with the other two
sizes (55 mm length dog bone and 80 mm length tube with plugs).
However, two to three specimens of dog bone samples suffered from
slipping during the tensile test due to the short length of the end parts,
resulting in reduced inaccuracy. Hence, three additional dog bone
specimens were redesigned and fabricated for each of these three sizes of
round bars (with diameters of 120.30 mm, 35.14 mm, 25.40 mm). The
length of the end parts of each specimen was extended to 55 mm to
prevent slipping, and the dimensions and graphs of the supplementary
specimen are shown in Table 3 and Fig. 11(b). The loading rate was set
to 1 mm/min for all supplementary specimens and the true Stress-Strain
curves of all four specimen sizes are presented in Fig. 12 below. The
density, Young’s modulus (E), yield stress, ultimate tensile stress and
Poisson’s ratio of all the bars and the tube are summarized in Table 4
below..

5.3. Simulation results and model validation

The deformation modes and overlaid with the von Mises stress
contours are presented in Fig. 14. The contact force-time variations
measured at the bottom platen under impact are presented in Fig. 15.
Fig. 14(a) and (b) depict the stress distribution in the first-order struc-
ture under impact that was centralized in the top and bottom sections at
the instant of maximum contact force. As the displacement increased,
the stress was distributed to the top, bottom, left and right sections.
Fig. 14(c), (d), (e) and (f) show that the stress generated by the impact
was delocalized and distributed among the smaller tubes of lower hi-
erarchical level(s), which dissipated the stress and impact energy before
transmitted to the bottom platen (protected body). Due to the stress
delocalization, lower intensity of stress was observed at the bottom
section of the outermost tube in the second- and third-order MHT
structures compared to the first-order structure, resulting in lower
contact forces in the bottom platen as shown in Fig. 15. The stress-
delocalization mechanism could also be found in previous studies on
MHT structures [19,35-37] and on other hierarchical structures
[24-26].

Fig. 9, Fig. 14, and Fig. 15 exhibit a good agreement between FE
predictions and experimental results for the first and second-order
structure, both in terms of the deformation mode and the load-time
curve. The difference in the maximum contact force between the
simulated and experimental results for all three orders of MHT struc-
tures was less than 3%. For the third-order MHT structure, the experi-
mental and simulated curves show a deviation after 2.4 ms caused by
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Fig. 11. Photographs of: (a) a 95 mm-length dog-bone specimen from the round bars with a diameter of 25.40 mm, a 85 mm-length dog-bone specimen from the
round bars with a diameter of 35.14 mm, a 55 mm-length dog-bone specimen from the round bars with a diameter of 120.30 mm, 80 mm-length tube specimen (from
left to right); (b) 145 mm-length supplementary dog-bone specimens made from the round bars with a diameter of 120.30 mm, 35.14 mm and 25.40 mm,
respectively (from top to bottom).

Fig. 12. Tensile test set-up using 10 mm-length (left) and 25 mm-length (right) extensometers.

Table 4
Material properties of different sizes of round bars and tube.
Young’s Yield Ultimate Density Poisson’s
Modulus stress tensile (p) (g/ Ratio (v)
(E) (GPa) (oy) stress (o) cm®) [33,34]
(MPa) (MPa)
120.30 mm 69 285 338 2.7 0.33
round bar
35.14 mm 72 332 366 2.7 0.33
round bar
25.40 mm 72 342 385 2.7 0.33
round bar
6.35 mm 60 183 226 2.7 0.33
tube

different deformation patterns. The clear localized damage and crack
could be detected during the test as described in Section 4.2, which also
causes the bottom section of the outermost tube to arch upwards. These
localized damages led to a reduction in contact force. However, no
damage happened in the smaller inner tubes in the numerical models,
and the minor fracture only happened at the inner surface of the top and

bottom sections of the outermost tubes.

Fig. 13. True stress-strain curves obtained for the four bar/tube specimens.
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Fig. 14. The deformation modes and the von Mises stress contours (in MPa) of the first-order structure at the instants of (a) maximum contact force, and (b)
maximum displacement; the second-order MHT structure at (c¢) maximum contact force, and (d) maximum displacement; the third-order MHT structure at (e)
maximum contact force, and (f) maximum displacement.
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Fig. 15. Contact force vs. time curves of (a) the first-order structure, (b) the second-order MHT structure, and (c) the third-order MHT structures with and without

constraint under dynamic loading.

There are three possible reasons for the discrepancy between the
simulated and experimental results: (1) The double-sided adhesive used
to prevent rotation of the specimen might affect the impact behaviors of
the structure. (2) Small amounts of epoxy (used to fix the position of the
smallest tubes in the third-order structure in the fabrication process)
might affect the contact conditions between the tubes. (3) Some smaller
tubes might not be aligned perfectly due to errors in their dimensions.
These fabrication errors might also affect the impact behaviors of the
structure.

To remove the effects of the double-sided adhesive and the epoxy, an
additional third-order MHT structure was fabricated and placed on the
drop tower facility without any constraint. The structure was examined
by a drop hammer test under the same conditions as the other structures
and the numerical modeling was conducted by removing the extra
constraint using the model described in Section 5.1. The experimental
and numerical contact force-time curves, which were presented in
Fig. 15(c), for this non-constraint case show good consistency, the
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discrepancy between the maximum contact force and mean contact
force of the experimental and simulated results was less than 3 %.
Therefore, the finite element models for all three structures were vali-
dated, which can be used in further studies.

5.4. Parametric study

In the parametric study, the set of material properties of the
120.3 mm diameter bar presented in Table 4 was applied to all three
structures in the finite element models. No constraint was set between
the bottom platen and the specimen. Therefore, the contacts between
the top and bottom platens and the specimen were set to a surface-to-
surface contact with a friction coefficient of 0.2, and a general contact
interaction with a friction coefficient of 0.1 was used to define the
contact between the tubes in the second- and third-order structures. The
influence of impact energy on the impact resistance of the MHT struc-
tures was investigated in terms of both impact velocity and impact mass.
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5.4.1. Effect of impact velocity

The impact mass was set as 15 kg, and the effect of the impact ve-
locity on the energy absorption capacity of the MHT structure was
investigated by varying the impact velocity from 5 m/s to 20 m/s. The
maximum and mean contact forces (from the beginning up to the point
of maximum displacement) were output to assess the protective capa-
bility of the MHT structure, and the reduction in maximum and mean
contact forces compared to the first-order structure were calculated and
exhibited in Fig. 16. Compared to the first-order structure, the maximum
and mean contact forces of the second-order MHT structure decreased
by 46% and 43%, respectively. The reduction in the maximum and mean
contact forces of third-order structure increased to 60% and 59%,
respectively. Also, the numerical results demonstrated that the impact
velocity has demonstrated minimal effect on the impact resistance of
MHT sections.

5.4.2. Effect of impact mass

The impact resistance of the MHT structure was assessed by
employing various impactors with weights ranging from 5 to 50 kg. The
impact velocity was kept constant at 10 m/s. The reduction in the
maximum and mean contact forces of higher order MHT structures
compared to the first-order structure were calculated and presented in
Fig. 17. A substantial decrease in the maximum and mean contact forces
on the protected body is evident in the case of second- and third-order
MHT structures. The maximum and mean contact forces of the second-
order MHT structure decreased by 47% and 44%, respectively,
compared to the conventional first-order structure. The decrease in the
maximum and mean contact forces for the third-order MHT structure
was raised to 60% and 59%, respectively. Besides, it is noteworthy that
the energy absorption capacity of MHT structures remains independent
of the mass of the impacting object.

6. Conclusions

Skeletal muscles protect the skeletal bones and internal organs from
external shocks by dissipating and transferring impact energy in time
and space. By mimicking and simplifying the internal architecture of
skeletal muscle tissues, three orders of MHT structures made of
aluminum were designed and fabricated.

The impact protection performance of the three orders of MHT
structures were investigated both experimentally and numerically in this

(QILQHHULQJ BWUXFWXUHV

study. The quasi-static compression test results revealed that the second-
and third-order MHT structures have higher ductility and deformability,
and a lower contact force but the same energy absorption as the first-
order structure.

Besides, low-velocity impact tests were conducted using drop
hammer for the first time to discover the dynamic behaviors of the MHT
structures. It can be found that the maximum contact force on the pro-
tected body decreased by 44% and 58%, and the average contact force
reduced by 45% and 60%, respectively, for the second-and third-order
MHT structures, in comparison to the first-order structure. The results
demonstrated the outstanding impact resistance capacity of higher-
order MHT.

The finite element models, which were validated by the experimental
results, were used for further investigation. It was revealed that the in-
crease in impact resistance was attributed to the stress delocalization
mechanism in the second- and thrid-order MHT structures. Moreover,
the parametric study found that the impact resistance of MHT sections is
not sensitive to the impact mass and velocity.

Dimensional inaccuracies in the smallest-sized tubes acquired from
local suppliers (and the use of epoxy) affected the accuracy of the
experiment to some extent in this study. To enhance precision in future
experiments, tubes can be manufactured using methods such as extru-
sion, rotary swaging, precision machining, or 3D printing. Besides, the
effects of varying wall thickness ratios and layouts on the impact resis-
tance of MHT structures could be investigated.
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Fig. 17. Reduction of (a) maximum contact force, and (b) mean contact force of higher order MHT structures compared to first-order structure.
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