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a b s t r a c t

Fast stress wave attenuation in composites is highly desired in many industry fields. Biological
composites such as those in the beak of woodpeckers provide great inspiration for us to develop
their synthetic counterparts with similar mechanical functions. Accordingly, bioinspired designs of
composites with distributed soft particles are put forward in the paper, and their performance in
attenuating stress wave is investigated through FEM simulations. Subjected to projectile impacts,
the bioinspired composites not only absorb more impact energy but also delay and attenuate the
impact-induced stress wave very efficiently. The simultaneous improvement of the two aspects of
impact-resistant performance in a single material design should be highly desired in many industry
fields. Further, the influences of the inclusion volume fraction, impedance, shape and distribution
pattern are systematically investigated and general principles of design are drawn. The findings and
conclusions can not only provide useful guidelines for the design of bioinspired composites with high
protection function from impact loading but also help understand the working mechanisms of natural
biological composites to resist impact loadings.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Composites and structures with high performance to resist
mpact loads and attenuate impact waves are always highly de-
ired in many fields such as military, aerospace, ship, and vehicle
ndustries. Subjected to impact loadings and blast waves, these
omposites and structures are expected to efficiently block pro-
ectiles and attenuate stress waves by absorbing, scattering and
issipating large amounts of energy so that the damage to people
nd objects behind them can be minimized or eliminated [1].
oad-bearing biological materials and structures such as skull,
hell and beak of woodpeckers have been evolved out through
ong-time and rigorous natural selection and acquired excellent
rotecting function against dynamic loadings from predators and
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daily activities [2–6]. Therefore, learning from the material and
structural design and relevant working mechanisms of the load-
bearing biological materials is definitely helpful for us to develop
synthetic materials and structures with high performances of
protection functions.

There are many mechanisms working in the stress wave atten-
uation in composites, generally including stress wave spreading,
scattering, energy absorption and dissipation due to the presence
of inclusions, interfaces and their resulted deformation and dam-
age behaviors. In engineering, laminated composites are widely
used and hence many research efforts have been made to study
the stress wave propagation and attenuation in lamellar compos-
ites, in which reinforcement materials and matrix materials are
usually stacked layer by layer in an alternating way. Due to the
elastic impedance mismatch between the layers, as a stress wave
reaches the interface between the two materials, only a part of it,
i.e., a transmitted wave goes through the interface and continues
going forward while the other part, namely a reflected wave is
reflected and transmitted backward. Amounts of the reverber-

ations together make dispersive effects and consequently affect
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teady and transient wave shapes, velocities, and attenuation in
ay analogous to viscosity effects. Barker [7] established a theo-
etical model for stress wave propagation in lamellar composites
y direct analogy with a viscosity effect. Anfinsen [8] studied
n the optimum design of layered elastic stress wave attenua-
ors, and determined the optimal materials requirements for the
irst transmitted stress wave in one-dimensional elastic layered
tructures. The optimized selection of materials was reported
o reduce the stress amplitude more than 99%. Nemat-Nasser
t al. [9] designed a layered metamaterial with high attenuation
oefficient and high specific in-plane stiffness through minimiz-
ng the frequency range of the first pass band, maximizing the
requency range of the stop band, and creating local resonance
ver the second pass band. With the method of characteristics,
elo and Gazonas [10] obtained explicit formulae of stress in
two-layer elastic strip subjected to transient loading and so

dentified the optimal designs giving the smallest stress ampli-
ude. Instead of the sharp interfaces within laminate composites,
unctionally graded materials (FGMs) joining dissimilar materials
ave attracted a great deal of attention in impact-resistant ap-
lications such as armor plating because of their superiority to
esist interfacial failure. Bruck [11] proposed a one-dimensional
odel for designing functionally graded materials to manage
tress waves and found that the major benefit of the FGMs over
he sharp interface lies in a time delay to the peak reflected
tress. With a similar model, Samadhiya et al. [12] studied the
ime delay and attenuation of the peak reflected stress in FGMs,
nd demonstrated that the peak stress magnitude attenuates
ery fast in FGM structures as compared to the sharp interface
tructure while the time of peak stress arrival is also significantly
elayed. Hui and Dutta [13] developed a concept design of ballast
nd penetration resistant materials with a continuous gradient
f impedance so that they can dissipate the shock energy well
ithout common interfacial delamination failure.
Instead of the continuously layered composites intensively

tudied in engineering fields as aforementioned, many impact-
esistant biological composites contain discontinuously fibrous or
articulate inclusions. From mechanics perspective, the continu-
us layer design has some advantages in reflecting and blocking
mpact waves, but its disadvantages in stiffness and strength are
lso evident due to the existence of weak and soft layers [14],
hich may explain why the discontinuous fibrous/particulate and
taggered design rather than the continuous layered design is
idely adopted in load-bearing biological materials in nature. A

amous example of this kind of biological composites is beaks of
oodpeckers, which repeatedly strike tree trunks at a high speed
p to 7 m/s but show no damage to themselves or brains behind
f them [15]. The multi-scale structural characteristics of the beak
f red-bellied woodpecker are shown in Fig. 1a, in which the beak
t macroscale comprises three structural layers, namely, the outer
hamphotheca layer, the middle foam layer and the inner bony
ayer. The area fraction of each layer varies along the peak length,
nalogous to the functionally graded materials. At microscale, the
hamphotheca has keratin scales packed in a staggering pattern,
he foam layer is a porous material with distributed voids of dif-
erent sizes, and the bony layer composed of bundles of collagen
ibers has a big center cavity and several small cavities around
he one. A number of studies have showed that the cranial bone
nd beak of woodpecker play crucial roles in impact resistance
nd energy dissipation [16–21]. For instance, Wang et al. found
hat the spongy bone as well as its microstructure characteristics
uch as porosity, trabecular number and thickness are unevenly
istributed in the woodpecker’s skull, and the uneven distribution
eature suits well the protection function of skull to resist impact
njury [20]. The microstructures involved in the beak and skull

f woodpeckers have inspired material scientists and engineers
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to develop novel designs of synthetic composites with superior
protective functions against dynamic loadings [22–25]. For exam-
ple, Yoon et al. developed a woodpecker-inspired shock isolator
with a microgranular bed to protect micromechanical electronic
devices against high-g and high-frequency mechanical excita-
tions [24,25]. Qwamizadeh et al. conducted a series of studies
on the stress wave attenuation of the staggering microstructures
widely seen in load-bearing biological materials including wood-
pecker’s beak and bone, and proposed the bioinspired staggered
composite designs in which short fiber or platelet reinforcements
are aligned in a staggered pattern in a matrix [26–29]. They found
that the staggered microstructure design can generally provide
faster stress decay than the layered design commonly utilized
in engineering and there exists an optimal microstructure de-
sign (staggered pattern and reinforcement aspect ratio) for given
constituent materials and their volume fractions. However, it is
noteworthy that all these studies mainly focus on composites
with hard reinforcements or inclusions in relatively soft matrices,
it is still unclear what will happen for composites with soft rein-
forcements or inclusions in relatively hard matrices. Moreover,
there still lacks of systematic studies on the effects of inclusion
shape and distribution pattern on the stress wave attenuation
of these bioinspired composites. To this end, the current work
carried out studies on the stress wave propagation and attenua-
tion in the bioinspired composites with distributed soft inclusions
modulating hard matrices, and a variety of inclusion shapes and
distribution patterns are systematically investigated in order to
find out the optimal design for fastest stress wave attenuation.

Considering the complexity of the inclusion shapes and dis-
tribution patterns, it is a great challenge to obtain a universal
analytical solution to well characterize the stress wave propaga-
tion and attenuation in the bioinspired composites. Even though
some forms of analytical solutions are possible based on ho-
mogenization approach, they are difficult to well capture the
detailed mechanical behaviors such as stress wave reflection and
scattering at the inclusion–matrix interfaces, especially taking the
discontinuities and singularities into consideration. Therefore, the
numerical simulations via the finite element method (FEM) are
adopted to comparatively investigate the stress wave propaga-
tion and attenuation of the bioinspired composites subjected to
impact loadings. The remaining part of the paper is organized in
the following way: the computation setup including FEM model,
measure of stress wave attenuation and validation test is de-
scribed in Section 2, while the results and discussions on the
effect of inclusion existence, volume fraction, elastic impedance,
shape and distribution pattern are conducted in Section 3; finally,
the major findings and conclusions are drawn in Section 4.

2. Computation setup

2.1. FEM model

Two-dimensional plane-strain computational model is utilized
here for our studies, and an example of the model is schematically
illustrated in Fig. 1b, in which the bioinspired composite with
well patterned soft particulate inclusions in relatively hard matrix
constitutes an attenuator layer of stress wave, and the attenuator
layer is sandwiched by the top and bottom layers of pure hard
matrix. Note that the top and bottom layers of pure matrix are
designed in purpose to guarantee the same boundary conditions
for different designs of the bioinspired composites so that the
results and performance are comparable among them. L and H
enote the width and height of the model, respectively, along the
irection of x and y coordinate, as shown in Fig. 1b. The three

layers evenly occupy 1/3 of total height. A flying projectile of
plate with dimension h*L impacts the top boundary of the model
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Fig. 1. (a) The hierarchical structural features of the woodpecker’s beak, in which particularly staggered arrangement, gradient pattern, and hybrid-sized soft
particulate cells/porosities can be seen at microscale; (b) an example of bioinspired composites with soft particles orderly distributed in a relatively harder matrix,
the computational setup for simulating the impact wave propagation and attenuation in the bioinspired composites with the finite element method; (c) demonstrates
the mesh around a particle; (d) shows a typical time history curve of stress at 96 mm depth (here corresponding to the yellow line in b).. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
at an initial velocity v in the y direction. The bottom boundary
s fixed, and periodic boundary conditions are prescribed to the
eft and right edges. The FEM simulations were carried out via
ne of the popular commercial software COMSOL Multiphysics.
free triangular mesh with the element was adopted for the
hole model, see Fig. 1c showing a small part of the mesh for
xample. In the model, the particles and matrix are perfectly
onded at their interface through sharing nodes. The interface
implification is adopted just in order to focus our current study
n the effect of particle distribution pattern, even though it is well
nown that the interface/interphase always plays a crucial role in
he composites’ mechanical behaviors [30–32]. The geometrical
arameters L=384 mm, H=576 mm and h=12 mm are adopted
n our simulations unless otherwise stated. The initial impact
elocity of the projectile is set to be a constant v =10 m/s. In the
3

typical example, the circular shape and regularly aligned distribu-
tion of inclusions are considered, with a diameter D=16 mm and
inter-inclusion spacing d=8 mm here.

As aforementioned, the impact projectile is set to be rigid, and
has a density 7850 kg/m3 similar to that of iron. The materials
for soft inclusions and hard matrix were respectively assumed to
be silicone rubber and mortar because of their wide applications
in many protective buildings and equipment, and to exclusively
study the effects of inclusion shape and distribution both of the
constituent materials are modeled as linear elastic, with their
mechanical properties listed in Table 1. Here, E, ρ, ν, c , and z
respectively denote the Young’s modulus, density, Poisson’s ratio,
wave velocity, and elastic impedance. The following relations
exist among these material parameters and Lame’s constants λ
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Fig. 2. (a) The impact wave propagation over time in the composites with/without soft inclusions, with the theoretical prediction on the no-inclusion composite
included for comparison purpose; (b) the impact stress σ at the top surface varying with time, almost the same plots seen for the composites with and without
oft inclusions before wave reflections come into effect; (c) mesh convergence test by checking the output-to-input stress ratio.
s
s
w
s
c

3

3
c

p
(
t
t

Table 1
Materials and their parameters used in the simulations.
Materials E/GPa ρ/kg/m3 ν c/m/s z/kg/m2/s

Mortar [33] 30 2500 0.2 3650 9.123 × 106

Silicone rubber [30] 3.3 × 10−3 1245 0.477 143 1.78 × 105

and µ.

=

√
λ + 2µ

ρ
(1)

λ =
νE

(1 + ν) (1 − 2ν)
(2)

µ =
E

2 (1 + ν)
(3)

z = ρc (4)

2.2. Measurement of stress wave attenuation

For each element i, we can output its stress at every instant
σi(t) and its area Si. For a specific depth y=constant (e.g., the
yellow line in Fig. 1b), we can calculate the average stress at every
instant by the following formula:

σ =

N∑
i=1

σi(t)Si
S

(5)

where the summation is done over all the elements that are
crossed by the line y=constant. Fig. 1c just shows a typical time
history curve of the average stress at y=96 mm. One can see
that the impact yielded compressive stress wave reaches the line
around 0.024 ms, and the average stress at the line rises quickly
to its maximum value around 0.03 ms. Then, the average stress
gradually reduces to zero as the incident stress wave leaves the
line behind. When part of the incident stress wave is reflected by
the distributed inclusions and comes back to the line, the average
stress reverses to tension and reaches a tension peak quickly. As
the stress waves reverberate again and again, the average stress
at the line oscillates up and down; however, the peak values are
always decreasing over time. It is noteworthy that the effect of
the stress wave reflection at the bottom boundary is excluded for
simplicity purposes. Denote the maximum magnitude of the av-
erage stress as σmax, and then the change of σmax over depth can
e obtained to quantitatively characterize the stress attenuation.
Define the input magnitude of the stress wave σ input = σmax

n the top layer of pure matrix (e.g., y=96 mm) before the impact
tress wave enters the bioinspired composite layer, while the
utput magnitude of the stress wave σ = σ in the bottom
output max i

4

layer of pure matrix (e.g., y=480 mm) after the impact stress wave
goes through the bioinspired composite layer. Then, the stress
wave attenuation rate can be defined according to the following
formula

RF = 1 −
σ output

σ input
(6)

2.3. Mesh convergence and validation test

As aforementioned, the analytical solution of the wave propa-
gation characteristics in the bioinspired composites is not avail-
able, and hence our computational model was first applied to the
pure matrix material (without inclusions) for validation purpose.
For the pure matrix material case, the reliable theoretical solution
is available. As shown in Fig. 2a, our computational results of the
stress wave propagating depth over time agree well with the the-
oretical solution, suggesting the reliability of our computational
model. Fig. 2b plots the time–history curves of impact stress at
the top surface for the models with and without soft inclusions.
One can see that the two curves coincide with each other before
the inclusion-induced reflection waves come back (the time about
0.105 ms), and so the impact-loading boundary condition and
resulted incident stress wave are well guaranteed to be consistent
for different designs of the bioinspired composite in the middle
layer. In particular, the amplitude and duration of the transient
load from the impact of the rigid projectile can also be obtained,
respectively, 75.4 MPa and 0.04 ms. The impulse width can be
estimated to be l = ct = 146 mm, much less than the structure
width H=576 mm, satisfying the requirement suggested by the
Ref. [34]. For a good balance between the computational effi-
ciency and accuracy, the element size le (le ≤

l
20 ) should be no

larger than 7.3 mm and the time increment ∆t ( 1
√
2
le
c ≤ ∆t ≤

le
c )

hould be in the range of 1.4 × 10−6
∼ 2 × 10−6 s. Fig. 2c

uggests that the output-to-input stress ratios gradually converge
ith the decrease of the maximum element size, and the element
ize le = 7.3 mm is sufficient to provide convergent and reliable
omputational results in our simulations.

. Results and discussion

.1. Comparison between the composites with and without soft in-
lusions

In order to show the effects of soft inclusions, the stress wave
ropagation and attenuation were compared between the model
see Fig. 1b) with and without the soft inclusions. Fig. 3a presents
he projectile velocity varying with time. One can see that the
wo curves are almost the same except that the rebounding time
s delayed and the rebounding velocity is reduced for the model
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Fig. 3. (a) The time history plots of the projectile velocity during the impact; (b) the stress wave attenuation along the depth the stress wave going down; (c) the
tress contour snapshots as the impact stress wave propagating in the composite without soft inclusions, and the composite with regularly distributed soft inclusions.
ith soft inclusions. This indicates that the system with the soft
nclusions absorbs more impact energy. The difference is easily
nderstood because of the softening effect of the soft inclusions to
he composite structure. Fig. 3b shows the plots of the maximum
verage stress changing with the propagation depth for the two
ystems. It can be found that in the top layer of pure matrix, the
tress magnitudes for the two systems are the same, but there
s about 50% attenuation after the stress wave going through
he middle layer of bioinspired composite while no attenuation
t all in the pure matrix system. The underlying mechanism is
vident if we check the snapshots of stress contour of the two
ystems (see Fig. 3c). The stress contours at different instant of
ime clearly show that in the model without soft inclusions, the
tress wave propagates in a steady state without attenuation in
he homogeneous and elastic media just as expected, whereas in
he model with the bioinspired layer of aligned soft inclusions
he stress wave is scattered and reflected by these inclusions so
5

that the arrival of the peak stress is distinctly delayed and the
magnitude of the peak stress is significantly reduced.

3.2. Effect of the inclusions volume fraction

From the perspective of composite design, volume fraction is
certainly one of the primary factors to be considered. Here the
soft inclusion volume fraction is altered by changing the inclusion
diameter D and correspondingly the inter-inclusion spacing d, and
its influences of on the projectile rebounding velocity, stress–
depth curve and stress wave attenuation are shown in Fig. 4a-c,
respectively. We can see that the projectile rebounding velocity
is always decreasing with increasing the volume fraction of soft
inclusions, indicating that the part of energy absorbed by the
composite system is increasing. It is in line with the classic impact
theory that the softer is the target plate of composite, the more is
the energy absorbed by the target plate and correspondingly the
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Fig. 4. Comparisons of the projectile rebounding velocity (a), stress–depth curve (b) and stress wave attenuation rate (c) among the bioinspired composites with
different volume fraction of soft inclusions.
Fig. 5. Comparisons of the projectile rebounding velocity (a), stress–depth curve (b) and stress wave attenuation rate (c) among the bioinspired composites with
different inclusion–matrix impedance ratios; the impedance gradient effect on the projectile rebounding velocity (d), stress–depth curve (e) and stress wave attenuation
rate (f).
less is the energy rebounded. Fig. 4b shows that through the layer
of bioinspired composite the magnitude of peak stress goes down
faster and to a lower level as the soft inclusion volume fraction
goes higher. Consequently, the stress wave attenuation rate also
increases with the volume fraction of soft inclusions, as shown
in Fig. 4c. The trends are reasonable, since the inclusion diameter
increases and their spacing decreases with the volume fraction
increasing so that the stress wave scattering and reverberating
among the inclusions are elevated and the blocking and delaying
effects are enhanced.

It is worth noting that the bioinspired composites with dis-
ributed soft inclusions modulating hard matrices not only ab-
orb more impact energy but also attenuate the impact-induced
tress wave more efficiently, the simultaneous achievement of
hich two aspects of the impact-resistant performance in a sin-
le material design is highly desired in many industry fields.
he computational results here suggest that the impact-resistant
erformance of the bioinspired composites seems continuously
mproved with the soft inclusion volume fraction increasing up
o more than 50%. However, we should keep in mind that a very

arge volume fraction of soft inclusions would inevitably sacrifice

6

the effective stiffness and strength of composites, and an elegant
balance between dynamic and static performance is necessary for
material design in most industry areas.

3.3. Effect of the inclusion–matrix impedance ratio

Here both of the constituent materials are linear elastic, and
hence the stress wave attenuation is mainly resulted from the
stress wave reflection at the inclusion–matrix interface due to
their elastic impedance mismatch. In this section, the influence
of the inclusion–matrix impedance ratio on the impact-resistant
behaviors is investigated in order to get some principal guidelines
for the constituent material selection. The results are shown in
Figs. 5a-c, respectively, as the rebounding velocity of projectile,
the stress–depth curve and stress wave attenuation rate varying
with respect to the inclusion–matrix impedance ratio. One can
see that the performance of composites does not change mono-
tonically with the varying of the impedance ratio. Generally, rela-
tively large impedance mismatch (e.g., the impedance ratio equal
to 0.01 and 0.001) between the inclusion and matrix is necessary

to gain significant stress wave attenuation. As the impedance
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atio increases from 0.001 to 0.01, 0.1 and 1, the rebounding
elocity of projectile first decreases and then increases. The bioin-
pired composite design with the inclusion–matrix impedance
atio of 0.01 gives the smallest rebounding velocity and cor-
espondingly provides the best capability of impact energy ab-
orption. The stress wave attenuation rate first increases and
hen decreases with the increase of the impedance ratio. The
argest stress wave attenuation is achieved with the bioinspired
omposite design with the inclusion–matrix impedance ratio of
.01 too. In the bioinspired composites with distributed soft
nclusions modulating hard matrices, the impact energy absorb-
ng capacity and the stress wave attenuation capability seem
ynchronized and can be simultaneously optimized with one
ingle design. This is a great advantage for potential applica-
ions of the bioinspired composites in many industry fields. The
ptimal inclusion–matrix impedance ratio exists for maximum
tress wave attenuation, probably because proper selections of
he inclusion material make one of the natural frequencies of
he composite close to the frequency of the impact-yielded stress
ave and so the damping mechanism of local resonance would be
xcited. To verify this argument, we calculated the first-order in-
erent frequency of the unit cell of different impedance ratio, and
he results show that the unit cells of different impedance ratio
wn different inherent frequency (see Fig. S1a in the supplemen-
ary material). Further, we took the composite with inclusion–
atrix impedance ratio of 0.01 for an example, and applied
n incident sine stress wave with varying frequency. The plot
f the stress wave attenuation rate versus the incident stress
ave frequency clearly shows that the stress wave attenuation
ate reaches its maximum value when the frequency of incident
tress wave is around the inherent frequency (see Fig. S1b in the
upplementary material). The similar phenomenon and working
echanism have also been reported in the literature [35,36].
In addition to the scenario of single inclusion material consid-

red above, we also probed the effect of impedance gradient in
nclusions. Specifically, there are two types of impedance gradient
ith inclusion materials investigated: the positive gradient of

mpedance (PGI), i.e., inclusion elastic impedance increasing from
op down (here the inclusion–matrix impedance ratio from 0.005,
.01, 0.05, to 0.1 as an example), and the negative gradient
f impedance (NGI), i.e., inclusion elastic impedance decreasing
rom top down (here the inclusion–matrix impedance ratio from
.1, 0.05, 0.01, to 0.005 as an example). The results of projectile
ebounding velocity, stress–depth curve and stress wave attenu-
tion rate are respectively shown in Figs. 5d-f, alongside of the
onstant impedance case (here the inclusion–matrix impedance
atio 0.01 adopted) for comparison purposes. We can see that
he gradient of impedance in inclusions only leads to a slight
ncrease in the projectile rebounding velocity but a significant
ecrease in the stress wave attenuation. PGI and NGI yield similar
esults in the projectile rebounding velocity and stress wave
ttenuation rate, but the onset of distinct jump in the stress–
epth curve for NGI is delayed a little (see Fig. 5e) due to the small
nclusion–matrix impedance mismatch around its top edge.

.4. Effect of the shape of soft inclusions

The local stress wave scattering is highly dependent on the
nclusion shape, and hence the effect of inclusion shape is stud-
ed in this section. As illustrated by the insets in Fig. 6a, two
ypes of inclusion shape are considered: one is ellipse and the
ther is rectangle. The former is smooth while the latter is with
orners. Their horizontal (x direction, perpendicular to the im-
pact direction) and vertical (y direction, parallel to the impact
direction) dimensions are respectively denoted as a and b, and
he dimension ratio α is defined by α = a/b. Fix the volume
7

fraction of inclusions, vary the dimension ratio, and the bioin-
spired composites with different shapes of soft inclusions can be
obtained for the comparative studies. Here the volume fraction
of soft inclusions is set to be 34.89%, and three dimension ratios
of 0.64, 1 and 1.5625 are taken as representative examples of the
three scenarios: the shorter axis/edge perpendicular to the impact
direction, the circular/square shape, and the longer axis/edge
perpendicular to the impact direction in sequence. Their impact-
resistant performances are compared in Fig. 6. First of all, the
ellipse and rectangle shapes with the same dimension ratio only
yield marginal differences in the projectile rebounding velocity,
stress–depth curve as well as the stress wave attenuation rate.
This indicates that the stress wave propagation and attenuation
in the bioinspired composites seems not sensitive to the exis-
tence of corners on the soft inclusions. As the dimension ratio
increases, the rebounding velocity of projectile always decreases
and the stress wave attenuation rate always increases for both
the ellipse and rectangle inclusions. It can be inferred that, the
larger is the inclusion dimension facing to the stress wave prop-
agation direction, the more is the impact energy absorbed, and
the faster is the stress wave attenuation. These results can be
further evidenced by their snapshots of stress contours at the
instant t = 0.15 ms. We can see that the bioinspired composites
with larger α distinctly elongate the penetration time and reduce
the magnitude of stress waves. From another perspective, the
studies here actually demonstrate the anisotropic characteristics
of the bioinspired composites, and they exhibit superior impact-
resistant performance in the transverse direction (corresponding
to the example α = 1.5625 here) over the longitudinal direc-
tion (corresponding to the example α = 0.64 here). Regarding
the static stiffness and strength, the longitudinal direction is
usually superior to the transverse direction, that is so-called
longitudinal superiority featuring in many load-bearing biological
materials such as bones [37,38]. Combination of these findings
brings us a novel insight into the biological design of composites
like bones, i.e., the longitudinal direction owning higher stiffness
and strength well suits to bear the static physiological load-
ings such as body weights while the transverse direction having
higher impact-resistant properties well fits to protect the fragile
organs such as bone marrow from impact loadings.

3.5. Effect of the distribution pattern of soft inclusions

As mentioned in the introduction section, the staggered, gra-
dient and hybrid distributions of reinforcements are widely seen
in load-bearing biological composites due to their respective ad-
vantages. Interesting questions arises: Compared to the aligned
distribution pattern, are the staggered, gradient and hybrid dis-
tribution patterns better in the impact-resistant performances?
Further, which one is the best among them? To answer these
questions, a variety of distribution patterns listed in Fig. 7 are
studies for comparison purposes. In the gradient group, there
are four variations investigated, namely, the positive gradient
(PG, particle increasing from top down), the negative gradient
(NG, particle decreasing from top down), the positive–negative
gradient (PNG, particle first increasing and then decreasing from
top down), and the negative–positive gradient (NPG, particle first
decreasing and then increasing from top down). The hybrid dis-
tribution involves particulate inclusions of two sizes arranged in
an alternating way, and it has four variations, namely, the small–
large hybrid (SLH), the large–small hybrid (LSH), the combin-
ing staggered and small–large hybrid (SSLH), and the combining
staggered and large–small hybrid (SLSH).

The results of projectile rebounding velocity, stress–depth
curve and stress wave attenuation rate were respectively shown
in Figs. 8a-c for all the distribution patterns in Fig. 7, with the
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Fig. 6. Comparisons of the projectile rebounding velocity (a), stress–depth curve (b) and stress wave attenuation rate (c) among the bioinspired composites with
different shapes of soft-inclusions; (d) show the snapshots of their stress contours at the instant t = 0.15 ms.
ure matrix material without any inclusions included as a base
eference. Noteworthy that the volume fraction of soft inclusions
re kept to be the same, 34.89% for all the composites. Generally
peaking, the rebounding velocity of projectile decreases from the
ligned distribution to the staggered distribution, the gradient
istribution and the hybrid distribution, in sequence. Specifi-
ally, within the group of gradient distribution the descending
rder in terms of the rebounding velocity is NG>PG>PNG>NPG,
hereas within the group of hybrid distribution the order is
SH>SLSH>SLH>SSLH. Note that the NPG distribution yields the
east rebounding velocity, while the SSLH distribution gives a
lightly larger value. Regarding the stress wave attenuation, the
tress wave attenuation rate generally increases from the aligned
istribution to the staggered, the gradient and the hybrid. In the
roup of gradient distribution, the PG, NG and PNG distributions
ive similar results in the stress wave attenuation rate, but the
8

NPG distribution provides a significantly larger attenuation rate
than them. With respect to the hybrid distribution, the SLH
just slightly outperforms the LSH. The advantage of the hybrid
distribution in stress wave attenuation has also been mentioned
by R. Rafiee-Dehkharghani [39]. By comparing SSLH and SLSH
with SLH and LSH, respectively, we can see that the introduction
of staggered feature into the hybrid distribution patterns further
slightly decreases the rebounding velocity of the projectile and
increases the stress wave attenuation rate, indicating the positive
superimposition effect of the two distribution features. Among
all these distributions, the SSLH exhibits the best performance
in attenuating stress wave. Fig. 8d shows the snapshots of stress
contours at the instant t=0.15 ms for these different distributions
of soft inclusions. We can see that, with comparison to the other
distribution patterns, the hybrid distribution patterns (SLH, LSH,
SSLH and SLSH) filter and spread the incident stress wave into
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Fig. 7. A list of variations in the distribution pattern of soft inclusions.
ultiple stress waves of small magnitude, and they reduce the
aximum stress magnitude more significantly. These results and

indings generally show us that given the constituent materials
nd their fraction, and even the inclusion shape, the design of
istribution pattern is still an efficient way to tune the compos-
tes’ mechanical characteristics in stress wave propagation and
ttenuation. Moreover, the general principle of design can also
e drawn here: the staggered pattern is better than the aligned
attern, the gradient pattern better than the uniform pattern,
nd the hybrid pattern is best. Although the comparative study
n several examples of the bioinspired distribution patterns in
ig. 7 is preliminary, the trends unveiled here would be helpful
o the microstructure selection and design of composites for high
mpact-resistant performances.

. Summary

Fast stress wave attenuation in composites is highly desired in
any industry fields. Biological composites such as those in the
eak of woodpeckers provide great inspiration for us to develop
heir synthetic counterparts with similar mechanical functions.
ith FEM simulations, the current work conducted a systematic

tudy on the stress wave propagation and attenuation in the
ioinspired composites with distributed soft inclusions modulat-
ng hard matrices, and the effects of inclusion volume fraction,
lastic impedance, shape and distribution pattern are system-
tically investigated. The following major conclusions can be
rawn:
1. With comparison to the homogeneous and elastic media,

he bioinspired composites with distributed soft inclusions mod-
lating hard matrices not only absorb more impact energy (cor-
esponding to smaller rebounding velocity of impact projectile)
ut also delay and attenuate the impact-induced stress wave very
fficiently. The simultaneous improvement of the two aspects of
he impact-resistant performance in a single material design is
ighly desired in many industry fields.
9

2. In terms of absorbing impact energy and attenuate stress
waves, the impact-resistant performance of the bioinspired com-
posites is shown continuously improved with the soft inclusion
volume fraction increasing up to more than 50%. There is an op-
timal inclusion–matrix impedance ratio for the maximum impact
energy absorption and stress wave attenuation, indicating that
the impedance mismatch is not the larger, the better.

3. Regarding the influence of the inclusion shape, the ellipse
and rectangle exhibit similar stress wave attenuation perfor-
mance provided that their dimension ratios are the same. How-
ever, their performance is better when their larger dimension
faces to the propagation direction of impact stress waves. From
another perspective, the anisotropic characteristics of the bioin-
spired composites in impact resistant behaviors are unveiled:
they exhibit superior impact-resistant performance in the trans-
verse direction (along the small dimension) over the longitudinal
direction (along the large dimension). The transverse superior-
ity of biological designs in protective function against dynamic
loadings including impact is well complimentary with their lon-
gitudinal superiority [37,38] in supporting function against static
loadings such as body weight.

4. The distribution pattern of soft inclusions demonstrates
critically important influence on the impact energy absorption
and stress wave attenuation behaviors. Among the bioinspired
distribution patterns considered in our paper, we found the gen-
eral principle of design: the staggered pattern is better than the
aligned pattern, the gradient pattern better than the uniform
pattern, and the hybrid pattern is best.

It is also worth noting that, with the bioinspired composites
with distributed soft inclusions modulating hard matrices, the
varying of impact energy absorption and stress wave attenu-
ation are generally synchronized over all the influence factors
considered here, suggesting that the two properties can be si-
multaneously optimized with one single design. The findings
and conclusions here not only provide useful guidelines for the
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Fig. 8. Comparisons of the projectile rebounding velocity (a), stress–depth curve (b) and stress wave attenuation rate (c) among the bioinspired composites with
different distribution patterns of soft-inclusions; (d) show the snapshots of their stress contours at the instant t = 0.15 ms.
p
v
s

esign of bioinspired composites with high protection function
rom impact loading, but also can help understand the working
echanisms of natural biological composites to resist impact

oadings. However, the work is still preliminary with some im-
 r

10
ortant factors such as inclusion–matrix interface and material
iscosity being excluded for simplification purposes, and further
tudies dedicated to these factors are definitely desired in this
esearch area.
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