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Introduction

ABSTRACT

Biomimetic composites have attracted much attention because they can provide
effective approaches to achieve high toughness and stiffness with limited raw
materials. Smart materials and sophisticated structures are the key factors to
influence the mechanical behavior of biomimetic composites. In this work, a
novel biomimetic composite was developed by introducing shear stiffening gel
(S5G) into sutural structures with different geometry parameters. Low-velocity
impact tests with fixed boundary and free boundary were conducted. Experi-
mental results indicated that sutural interface could effectively improve the
contact stiffness and the capacity to dissipate impact energy. The force trans-
missibility was also reduced significantly. Meanwhile, smaller tooth angles
could lead to more remarkable rate-dependent behavior of the composites. Our
study pointed out that incorporating the geometry futures of sutural composites
such as the tooth angles and the thickness of SSG could improve the dynamic
mechanical behavior of the composites, which could provide fundamental
insights into the engineering application of sutural structure.

or damping factors. Among these geometry solutions,
sutural interface structures have attracted much
attention due to its widespread existence from micro-

Sophisticated microstructures in biology materials,
such as layered structures [1, 2], helical structures
[3, 4], gradient structures [5, 6], are developed to
implement complicated mechanical and physiologi-
cal functions. They provide excellent strategies to
achieve different targets for high stiffness, toughness
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to macro-scales [7-10]. Generally, the sutural com-
posites can be considered as a kind of staggered
composites with a modified interface geometry. They
are composed of rigid facesheets with sutural wavi-
ness and soft interfacial enhancement materials. Their
mechanical behavior can be easily designed by
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modifying the geometry parameters of the sutural
interface and the interfacial materials. Various theo-
retical models and numerical simulations have been
brought out to study the constitutive mechanical
properties and failure behavior [11]. Furthermore,
based on 3D-printing technology, researchers fabri-
cate these bionic composites and conduct various
mechanical tests to demonstrate analytical results
[12-15].

The shape of sutural geometry plays important role
in the mechanical behavior of the structures. The
inclined plane changes the propagation mechanism
of stress [16, 17]. Shear stress comes to be more
important in the sutural composites. Changes of
geometric parameters may lead to nonlinear and
remarkable amplification of mechanical properties
[18-20]. Li et al. [21] brought out a generalized
mechanical model to analyze the equivalent stiffness
and failure mechanism of the sutural composites
under different loading cases. He pointed out that
triangular shape possesses the highest stiffness
compared to trapezoidal, rectangular and anti-
trapezoidal waveforms in both tension and shear.
Gao et al. [22, 23] studied the sutural wavy tessella-
tion in biological tissues and demonstrated the high
enhancement of sutural interface on strength,
toughness and auxeticity. Owing to the changes of
the loading transmission paths, the stiffness and
toughness can be anisotropically improved by
changing the sutural angles. Furthermore, the
mechanical models were analyzed and demonstrated
by 3D printing experiments. Liu et al. [24] studied the
failure mechanism of sutural composites. Triangular
interface helped the composites understand much
more stretching and shear loading. The crack prop-
agation paths could be controlled by adjusting the
suture interface parameters. Yu et al. [25] developed
an analytical model to investigate the damping
properties of bio-inspired composites with sutural
interface. These work addressed the influence of
sutural interfaces on the mechanical behavior of
composite structures under quasi-static loading
cases. Appropriately designed geometry of suture
interfaces effectively utilizes the natural materials to
achieve high mechanical properties and complex
functions.

In natural composites, tissue staggered materials
often perform more smart behavior. They can
respond to external stimulus [26-28]. Natural com-
posites can match their mechanical properties to the
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external stimulus to achieve higher protection. When
impact with high rate or large strain is loaded upon
the bionic composites, remarkable self-stiffening
behavior can be resulted in order to protect biological
organism [29]. Jia et al. [30] pointed out that appro-
priate stiffness ratio of soft materials and hard
materials in biomimetic composites acts critical role
in the capacities of impact resistance. The soft com-
ponents help diminish dislocation motion and dissi-
pate impact energy, while the stiff components
hinder the propagation of the external stimulus.
Kwonhwan et al. [31] pointed out appropriate vol-
ume ratio of soft and rigid material can lead to high
resistance to impact in the nacre-like composites. To
achieve better impact-resist capacities under various
loading cases, artificial suspensions or gel materials
offer an excellent solution for the self-hardening
behavior. Among them, shear stiffening gel (55G) has
been widely adopted in biomimetic engineering
materials, whose storage modulus can be sharply
increased when strain rate is beyond a critical point
[32]. Once the shear loading was removed, SSG
returns to soft plastic state. It was expected in engi-
neering application that this structure material held
high elastic modulus to resist deformation under
loading cases and high viscosity to dissipate residual
kinetic energy under unloading cases. Large numbers
of researches have been conducted to investigate the
engineering application of SSG [33, 34]. It should be
important to have an insight into the influence of SSG
in sutural composites.

In this work, sutural composites were designed
and fabricated via a 3D-printing method. A novel
smart material, SSG, was adopted as interfacial
material. The rheological tests and compressive tests
with constant velocity indicated remarkable rate-de-
pendent characteristics towards various external
mechanical stimulus. Drop weight machine was
adopted to investigate their capacities to resist impact
with low velocity. The tests were conducted with
fixed boundary and free boundary to evaluate the
damping characteristics, which demonstrated the
promising protection capacity of sutural composite.
Furthermore, a finite element simulation was per-
formed to analyze the experimental results and the
stress evolution inside of the composites. Our study
pointed out an effective method to improve the
capacities of impact resistance and energy dissipation
of the universal bionic composites.
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Experiments section
Materials

To prepare the SSG, the boric acid (Sinopharm
Chemical Reagent Co. Ltd., Shanghai, China) and
hydroxyl silicone oil (500 mm2/s, AR degree, Jining
Huakai Resin Co. Ltd.) were mixed at the mass ratio
of 1:15 and heated at 180 °C for two hours (Fig. 1a).
During the heating, the suspension system formed
cross-linking and viscous paste. Then, 15 pl caprylic
acid was poured into every 100 g paste. After another
hour of heating, the SSG was obtained (Fig. 1b).

The preparation and fabrication procedures of
sutural composites are shown in Fig. 1c-e. The
sutural skin facesheets were printed using polylactic
acid (PLA) by a 3D-printer (Creator 3, Flashforge Co.,
China). Skin facesheets and SSG were pressed into a
cubic steel mold to get the sutural composites
(Fig. 1e). The sizes of skin facesheets are illustrated in
Fig. 2. The thickness of sutural composites, h, varied
from 16, 18 to 20 mm. The thickness of skin face-
sheets, hy, was 5.4 mm. The height of teeth, h;, was
set as 9.6 mm. The test specimens were categorized
according to the vertex angle of teeth (0 in Fig. 2).
According to previous researches [24], sutural com-
posites with 30°, 45° and 60° showed remarkable
enhancement on mechanical properties in quasi-static
tension tests. Here, the same angles were adopted.
The specimen with 180° teeth vertex angle was
staggered composites without sutural interface. The
areal density of 180° specimen was assured to be the
same as that of sutural composites by adjusting the
thickness of skin facesheets, h;, to be 7.5 mm. The
length and width of the skin facesheets, a and b, were
100 and 114 mm, respectively.

Figure 1 The illustration of
the preparation of SSG and
skin facesheets.
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Characterization

The rheological properties of SSG were tested by
commercial rheometer (Physica MCR 302, Anton
Paar Co., Austria). Parallel plate testing model was
adopted. The shear amplitude was set at 0.1%, and
the shear frequency increased from 0.1 to 100 Hz
logarithmically. The sample was molded into a
columned structure with 1 mm in height and 20 mm
in diameter, respectively. The creep-recovery behav-
ior and strain-dependent behavior were also tested.

The compressive mechanical behavior of the sutu-
ral composites was tested by universal testing
machine (Fig. 3a) (MTS criterion 43, MTS System Co.,
America). The compressive speeds were set as 0.01,
0.05, and 0.10 mm/s, respectively.

The dynamic mechanical behavior of sutural com-
posites was tested by drop tower testing machine
(Fig. 3b) (Mode ZCJ1302-A, MTS Industrial Systems
(China) Co., LTD, China). The tested specimen was
constrained by steel restraint devices in Fig. 3c—d.
The hammer was 280 g in weight. The hammer head
was hemispheric with 25 mm in diameter. The
change of impact velocity was monitored by another
piezoelectric acceleration sensor (Fig. 3c). Another
acceleration sensor was adopted to record the motion
of the bottom skin facesheets. Then, the acceleration
sensor was replaced by a dynamic force sensor to
record the transmission force. All sensor data were
gathered synchronously by a digital acquisition sys-
tem, including a charge amplifier (Mode YES5853,
Jiangsu Sinocera Piezotronics, INC., China) and an
oscilloscope (Mode DPO2012B, Tektronix INC.,
USA). The sampling rate was set as 100 kHz.

(a) Hydroxyl (b)
Silicone
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Figure 2 The dimension of
sutural facesheets.

(a) (b)
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Figure 3 The MTS (a) and drop tower testing machine (b). c—d The constraint of specimen in drop tower tests.

Experiment results and discussion
Rheological properties of SSG

Figure 4a shows the rate-dependent behavior of SSG.
The storage modulus of SSG was 0.76 kPa at 0.1 Hz.
With the shear frequency increasing to 100 Hz, the
storage modulus shifted to 282 kPa. However, the
loss modulus increased with the shear frequency
increasing to 2 Hz and then decreased. The damping
factor was the ratio of loss modulus to storage
modulus. It was usually adopted to indicate the solid
characteristic of SSG. With the testing frequency
increased to 100 Hz, damping factor decreased from
17.61 to 0.03, which indicated the SSG transformed
from soft gel state to stiff rubbery state. To ensure the
time effect of the rate-dependent behavior, creep and

recovery tests were conducted and are shown in
Fig. 4c. Constant shear stress was set at 50, 500 and
5 kPa. Shear stress was maintained for 30 s and then
removed. The creep compliance showed remarkable
dependence on external stress. The maximum creep
strains were 2.97%, 20.66% and 136.8% when the
shear stress was 50, 500 and 5 kPa, respectively. The
shear modulus increased 1.68 to 3.67 kIPa. However,
the stiffening effect could not be held after the shear
stress removed. The recovery behavior under 50 Pa
was negligible. SSG showed typical plastic charac-
teristic. With the increase in shear stress, instanta-
neous recovery strain became obvious. It came to be
21.9% when the external stress came to 5 kPa. Rate-
dependent behavior was eliminated soon after the
stress was removed, which demonstrated the rever-
sible and swift translation of SSG between gel state
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Figure 4 a Storage modulus and loss modulus of SSG under different shear frequencies. b Strain-dependent behavior of SSG under
different shear frequencies. ¢ Creep and recovery behavior of SSG under different shear stress. d—e) The shear stiffening mechanism.

and rubbery state. The influence of strain is shown in
Fig. 4b. SSG could hold linear mechanical properties
under large deformation, which would help the
composites keep stable mechanical responses under
external stimulus.

The shear stiffening behavior is illustrated in
Fig. 4d-e. Without external stimulus, SSG was soft
and deformable. Once shear stimulus was loaded, the
shear stiffening characteristic led to local hardening
progress of SSG. As illustrated in Fig. 4d, harden-
ability was positively related to strain rate. The rate-
dependent behavior should be owed to the weak
physical “B-O” bonds. This cross-bonds were tran-
sient and reversible. Stimulus with high rate did not
permit enough relaxation time for B-O bonds. Poly-
mer chains were hindered and heavy agglomerations
were generated. Then, shear stiffening behavior was
observed. Once the loading was removed, B-O bonds
relaxed from each other and the impediment of
agglomerations disappeared. SSG returned to soft
state.

Compressive tests of the sutural composites
Compressive tests of the sutural composites under

different compressive velocities were carried out.
Engineering strain and stress are shown in Fig. 5a.

@ Springer

The compressive stress of the 180° sutural composite
was 3.88 kPa when the compressive strain came to
0.3. As for the sutural composites with the teeth
vertex angles in 60°, 45°, and 30°, the compressive
stresses under the same compressive strain reached
16.62, 40.07, and 59.60 kPa, respectively. The
enhancement of the suture interface on the mechan-
ical properties was obvious. The inclinations of tooth
surface would influence the mechanism of stress
transmission. Here, a plane strain model was estab-
lished to illustrate this enhancement. The thickness of
SSG was hy. 4 and h were the wavelength and
amplitude of the interfacial geometry (Fig. 6a). The
model was subjected to a far-field stress, o,. Repre-
sentative volume elements is shown in Fig. 6b. 1, and
1, were the normal stress and shear stress on the
sutural teeth under local coordinate system. The
inclination angle was . Based on the plane strain
model (Fig. 6b) of sutural angles, a force equilibrium
equation could be brought out:

74 (x) cotgdx + 14 (x)dx = [0, (x) + do][x + dx] — ,(x)x
(1)

where 1, = 1; tan g Then, it could be obtained as
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Figure 5 The mechanical behavior of sutural structures under compressing loading with the speed a 0.01 mm/s, b 0.05 mm/s, and

¢ 0.10 mm/s. d The stiffness of the sutural composites under different compress rates.
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Considering the continuous boundary condition
across the interface of SSG and facesheets, it could be
obtained as

{ ‘Elt_ Yt 3)
Tin = Tn

where 1, 17, indicate the shear stresses and normal
stresses of the SSG. The mechanical behavior of the
soft SSG could be described by constitutive equation:
7= G179, and t,= E1y,, where the G; and E; indicate
the shear modulus and elastic modulus of the SSG,
and vy, and v, indicated the shear strain and normal
strain of the SSG. Considering SSG could be regarded
as an incompressible, E; = 2G(1 + v) = 3G;. v is the

Poisson’s ratio of SSG. When the sandwich is sub-
jected to a uniform normal external traction e, an
energy equilibrium equation could be brought out

gy -0
wz/ LV =
v Ey

e - 01dV; —|—/ & - adV>

V1 VZ

(4)
where E, is the equivalent stiffness under plane
stress model, W is the external energy. Under the
assumption that the stress and strain are evenly dis-

tributed in the gap between the sandwich interfaces,
the deformation energy could be solved:

sin*!¢ sin?¢cos??
e -01dVi=(1-Fhio,o z__ 1 2 2
 reontvi=a-his g
)
/ by 0oV, =440
Vs E;
(5)

where the E, indicates the elastic modulus of the
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Figure 6 Illustration of the
theory model (a—b) and the
results (c).

O,
@orrrtrrtantarry VEEEE N,
[ a\&y

J Mater Sci (2022) 57:1328-1344

= ¢¢¢$}$T$¢TI¢ VALV

Sutural Oy(x)+do
y
Geometry
20
© —— Theory
A Experiment
15 A
N
Lu>s
10
0 A
5L
A
1 L 1 " 1 L 1 "
20 30 40 50 60 70
0

rigid teeth, f indicates the volume ratio of SSG in
sutural geometry, f=1 —’%. The equivalent compres-
sive modulus could be expressed as

1

E =
y sind sin?g cos2d f
-1 (E1/<1—2»2> +75 2) tE

(6)

Based on this model, the equivalent compressive
modulus ratio could be obtained and the results are
shown in Fig. 6c. It matched well the compressive
results. Therefore, sutural composites performed
much higher equivalent stiffness (Table 1).

Meanwhile, the loading rate effect on the com-
pression deformation was investigated (Fig. 5b—d).
The peak force for the 180° staggered composite is
3.88 kPa at 0.01 mm/s and 34.62 kPa at 0.10 mm/s,
respectively. As for the sutural composites, the peak
force increased from 16.62, 40.07, 59.60 to 142.52,
284.59 and 338.16 kPa, respectively, with loading
rates increasing from 0.01 to 0.10 mm/s. The mag-
nification of the equivalent secant stiffness of the
sutural structure was magnified for about 1113%,

@ Springer

708%, and 691% with sutural vertex angles in 60°, 45°,
and 30°, respectively. The equivalent secant stiffness
is summarized in Fig. 5d. It could be found that
sutural composites achieved higher equivalent
structural stiffness and more typical rate-dependent
performance.

Low-velocity impact tests of sutural
composites

The impact-resist capacity of the sutural structure
was investigated by drop weight experiment. As
illustrated in Fig. 7a, hardenability was positively
related to strain rate. Shear strain rate near impact
zone was much higher than that away from the
impact zone in a continuous beam. SSG could per-
form remarkable different hardenability under

Table 1 Parameters in theory model

ho (mm) h (mm) E; (MPa) E, (MPa) v
1 9.6 0.01 296 0.49
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impact. To evaluate the protective capacity of the
composite structures, an acceleration sensor was
fixed upon the bottom face of the sutural composite
to record their motion data. Figure 7b shows the
acceleration results of drop weight in the impact
duration. The thickness of interfacial SSG was 1 mm.
The peak values were 3.06, 3.02, 2.90 and 2.44 km/ s?
corresponding to the sutural composites with sutural
angles of 30°, 45° 60° and 180°. Under the same
impact energy, the peak acceleration of sutural com-
posites was much higher than the conventional 180°
sutural composite. Meanwhile, the impact duration
increased from 1.70 ms to 1.96 ms. To be more obvi-
ous, force-displacement curves are shown in Fig. 7c.
Under the same impact loading case, contact force of
the 30° sutural composite was much higher and the
deformation was smaller than that of 180° sutural
composite. When the loading progress finished, the
deformations of the sutural composites were 1.33,
1.40, 1.53 and 1.65 mm with respective the sutural
angles 30°, 45°, 60° and 180°. Meanwhile, the peak
values of the contact force achieved 860, 837 797 and
665 N, respectively. Compared to the sutural com-
posites without interfacial geometry, the contact
stiffness was remarkably improved. Due to the
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compression and relaxation of the interfacial SSG, the
force—displacement curves were not smooth. Stiffness
is presented in Fig. 7d. The stiffness of 30°, 45°, 60°,
180° sutural composites was 0.585, 0.540, 0.477 and
0.393 kN/mm, respectively. Sutural interface helped
achieve an improvement of 48.8% in the stiffness.
To evaluate the protective capacity of sutural
composites, the motion of the bottom facesheets was
recorded by another acceleration sensor. Upon the
drop weight touched the top facesheets, interfacial
SSG endured squeezing force and transferred the
loading to the bottom facesheets, which led the first
rising in the acceleration. With the increase in
deformation of bottom facesheets, elastic force from
the face sheet came to exceed the squeezing force
from interfacial SSG. Then, the acceleration came to
decrease. When the bottom face sheet achieved its
maximum deformation, the acceleration reached its
peak values and the loading progress finished.
Composites began to recover to initial state. Accel-
eration decreased to zero. Generally, the top face
sheets endured impact, and the bottom face sheet
was protected with the armor. It was expected that
the deformation of the bottom facesheet was small.
The peak values of bottom acceleration of sutural
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Figure 7 a Illustration of shear stiffening effect under impact
loading case. b The acceleration data of drop weight with different
sutural interface under the drop height of 0.2 m and ¢ the contact

force versus displacement curves. d The equivalent stiffness of
sutural composites in the impact duration. e The acceleration of the
bottom face sheet and f the deformation.
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composite were 3.38, 3.74 and 3.84 km/ s? with
respective angles 30°, 45° and 60° (Fig. 7e). Compared
to the 180° sutural composite, they achieved reduc-
tion of 33%, 25% and 24%. To be more obvious, the
deformation was calculated and is shown in Fig. 7f.
The presence of sutural interface effectively sup-
pressed the deformation. The deformation reached
0.39, 0.46 and 0.48 mm as the sutural angles were 30°,
45° and 60°. However, the deformation of 180°
sutural composite was 0.79 mm. Sutural interfaces
showed remarkable enhancement in protective
capacity compared to conventional structures.
Figure 8a shows the acceleration data of the drop
weight test for sutural structure with 30°. With the
increase in drop height, the impact duration was
reduced from 1.74 to 1.52 ms. However, in the results
of the conventional, impact duration held nearly
constant around 1.78 ms. Meanwhile, the peak values
of the acceleration in the same drop height also
showed remarkable increase. The peak values of
sutural composite were 3.066, 4.450, 5591 and
6.749 km /s> when the drop heights were 0.2, 0.4, 0.6
and 0.8 m, respectively. Compared to the acceleration
of 180° sutural composite, the increases were 19.4%,
16.5%, 17.8%, and 19.7%, respectively. Figure 8b,e

J Mater Sci (2022) 57:1328-1344

illustrates the force-displacement curves of the 30°
sutural composite and 180° sutural composite. The
inclination of the curves in rising stages could be
considered the stiffness of composites. Due to the
typical rate-dependent characteristic of SSG, the
stiffness of sutural composites dropped fast after the
loading progress finished. SSG returned from rigid
rubbery state to soft gel state, which led to the large
residual deformation. When the drop heights were
0.2, 0.4, 0.6, and 0.8 m, the stiffness of sutural com-
posite were 0.585, 0.705, 0.748 and 0.806 kIN/mm. The
increase in drop height led to an increase of 36.4% in
stiffness. Meanwhile, when the drop height increased
to 0.4 m, the stiffness of 180° sutural composite
nearly held constant at 0.54 kN/mm. Sutural inter-
face changed the deformation mechanism of SSG and
enlarged the local strain, which led to the enhance-
ment in stiffness and remarkable rate-dependent
behavior.

The energy dissipation ratio could be calculated by
the enveloped area by the force-displacement curves.
Owing to the typical rate-dependent behavior of SSG,
large numbers of impact energy were dissipated by
SSG via the phase transformation. However, sutural
interface showed negative effect on the energy
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Figure 8 a The acceleration results, b contact force versus displacement and c¢ stiffness of sutural composites with sutural angle of 30°. d—

f) The results of 180° sutural composite.
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dissipation under small drop height. When the drop
height was 0.2 m, the dissipation ratios were 0.81,
0.80, 0.82 and 0.86 with respective sutural angles 30°,
45°, 60° and 180° (Fig. 9). With the increase in drop
height, the dissipation ratio of 180° sutural composite
decreased. Higher impact energy led to the shear
stiffening behavior of SSG and composites came to be
more rigid. The growth of solidity diminished the
energy dissipation capacity. However, sutural com-
posite with 30° showed stable energy dissipation
capacity. It worked better under heavy impact stim-
ulus compared to the 180° sutural composites.

Furthermore, the role of the thickness was inves-
tigated. The thickness of interfacial SSG varied from
1, 3 to 5 mm. The results of sutural composites with
30° are shown in Fig. 10. With the increase in thick-
ness of interfacial SSG, the rising progress of accel-
eration was suppressed. When the thickness of SSG
was 3 and 5 mm, the response of acceleration per-
formed on a plateau period. The peak values were
significantly reduced. Correspondingly, the plateau
was observed in force-displacement curves. How-
ever, sutural composite with 1 mm showed more
remarkable rate-dependent behavior. With the
increase in drop height, impact duration was short-
ened in the specimen with 1 mm in thickness. The
impact duration of the other two specimen held
nearly constant.

To further investigate the protection capacity of the
sutural composites, a dynamic force sensor was fixed
upon the bottom facesheets instead of the accelera-
tion sensor (Fig. 11a). Compared to the previous
tests, the dynamic force sensor provided a fixed
boundary at the center of the bottom facesheets. The

0.90
—=— 30°
—e— 45°
60°
he] L
i 0.85 ——180°
c
he]
®
2
3 o080} .
a
075 1 1 1 1
0.2 0.4 0.6 0.8
Height [mm]

Figure 9 The energy dissipation ratio of different sutural
composites.
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peak values of the contact force of the sutural com-
posites were higher than those of the 180° sutural
composite. Sutural composites with 30° and 45° held
similar peak values at different drop heights
(Fig. 11b-d). The peak acceleration of 60° sutural
composite was much smaller. Small sutural angles
helped hold high stiffness. However, support force
showed different trends. With the strengthening of
stiffness, support force also increased to some degree.
Here, the transmissibility factor (TF) was defined as
the ratio between contact force and support force.
The relationship between TF and drop heights is
illustrated in Fig. 12. The increase in drop height led
to ascent of TF values, indicating that the more elastic
part came to dominate the mechanical behavior. It
should be noted that the TF value of sutural com-
posite was always less than 1 regardless of impact
height. The presence of sutural interface effectively
suppressed the transmission of impact force. It would
help reduce the impact force action and have a cer-
tain impact protection ability.

Numerical analysis on the impact behavior
of sutural composite

To understand the influence of suture interface on the
impact behavior of sutural composites, finite element
analysis (FEA) was adopted to study the impact
deformation of different specimens. As shown in
Fig. 13a, four different models were established in
ABAQUS according to actual sizes of the experi-
mental sutural specimens. Drop hammer was sim-
plified as a rigid cylinder with semi-sphere, and the
mass was 280 g. The mechanical properties of the
skin facesheets were as follows: density p = 800 kg/
m3, Young’s modulus E = 1300 MPa, Poisson ratio
v = 0.38. The density of SSG was 1.01 x 10° kg/m?,
Poisson ratio v = 0.49.

Here, Cowper-Symonds model was adopted to
describe the rate-dependent behavior. Rheological
properties of SSG were characterized by steady shear
test via MCR302. In Cowper-Symonds model, the
dynamic yield stress depended on the strain rate of
SSG. The relationship of yield stress ¢, and effective

eff

plastic strain & ¢l could be expressed as follows:

£
C

where A is the initial effective yield stress, B and n
represent the plastic hardening parameter and plastic

J)[A + B(e£T)" (7)

oy = [1+( »
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strain index. C and g were the rate-dependent obvious that the Cowper-Symonds model could well
parameters. First, the parameters A, B and n were fit the experiment data (Fig. 13b,c). Thus, the Eq. (7)
obtained according to the results of quasi-static test-  could be expressed as:

ing results. The shear rate was kept at 0.01 s~ It was
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Figure 12 The force transmissibility ratio of sutural composite
under different drop heights.
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n . 4| _mi_mc
227.45 + 69.864(e5)" 9 q
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The effective yield shear stress was obtained via
steady shear tests with different shear rates (0.1, 0.5,
1,2, and 3 s7!). The linear fitting results are shown in
Fig. 13c. The slope of the fitting line was 1/4 and the
intercept represented — InC/q. According to the fit-
ting results, g = 1.167, C = 6.386 x 1073, The consti-
tutive equation of SSG under Cowper-Symonds
model could be expressed as follows:

1

1 (oot ) 22745 4+ 69.864 (geff) "
6.386 x 103 ' RN

(10)

'Cy:

Stress—strain curves are plotted in Fig. 13d
according to the Eq. (10) and experiment data. With
different shear rates, the model could fit the experi-
ment results well. Considering that the SSG could be
regarded as incompressible material, E = 2G(1 +
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Figure 13 a The numerical model and their mesh method. b, ¢ The fitting method of Cowper—Symonds model and d the validation results
for this model. The solid lines were experiment data, and the dash lines were numerical data.

@ Springer



1340

J Mater Sci (2022) 57:1328-1344

(a) —s—0.2 mExp
— 6 —e— 0.4 m Exp
“‘Q —A—0.6 m Exp
e —u— 0.2 m Num
=, —e— 0.4 mNum
c
S 4
©
Q°
O
S 2
<

0
0.0 0.5 1.0 15 2.0
Time [ms]
(¢c) 6
—=—0.2 m Exp

& —eo— 0.4 m Exp

Y —A—0.6 m Exp

E —=— 0.2m Num

= 4r —e— 0.4 mNum

S ~ 4~ 0.6 m Num

®

—

K

8 2

o

<

0 , 1 1 P
0.0 0.5 1.0 1.5 2.0 2.5
Time [ms]

Acceleration [km/s?]

—~_~
(=3
~

Acceleration [km/s?]

—=— 0.2 m Exp
—e— 0.4 m Exp
—A—0.6 m Exp
—=— 0.2 m Num
—eo— 0.4 mNum
—4— 0.6 m Num

0 ik
0.0 0.5 1.0 1.5 2.0
Time [ms]
5
—s— 0.2 m Exp
—e— 0.4 m Exp
4t x —A—0.6 m Exp
/ \ —u— (0.2 m Num
A —o—gp.\ —o— 0.4 m Num
3r —4— 0.6 m Num
2| Z \
Y
1L A
4
Iy
0 1 1 1 1
0.0 0.5 1.0 15 2.0 25
Time [ms]

Figure 14 The comparison of experimental data (solid line) and numerical data (dash line). a 30°. b 45°. ¢ 60°. d 180°.
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Figure 15 The
height of 0.2 m.
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Figure 16 The distribution of (a)
LE on the bottom skin
facesheets of sutural
composites. a 30°, b 45°,
c 60°, d 180°.
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Figure 17 The comparison of von Mises stress contours among different suture structures. The stress distribution of top face sheets of
180° (a), 60° (b) 45° (c) 30° (d). e-h The stress distribution of bottom face sheets corresponding to that of the top face sheets.

v) = 3G. The final constitutive equation for S5G is as The initial Young’s modulus of SSG was obtained
follows: according to the elastic scope in Fig. 4a and defined

P

as 2.28 kPa. The structures were all meshed with

; Tl 0.067
o= 1+ (cgrogoms)  |682:35+209.592(es") C3D8R, 8-node linear brick, reduced integration ele-
6.386x1073 . .
ment. Approximate mesh size of the sutural com-

(11) posites was set 0.5. The mesh around the suture
angles would be refined to avoid the solution

@ Springer



1342

divergence caused by large distortion. Acceleration of
gravity was set along the z direction. The boundaries
of face sheets were fixed. The initial velocity of the
rigid ball was set according to the drop height. To
demonstrate the goodness of the fitting results, the
acceleration of drop harmer of different sutural
structures is shown in Fig. 14.

The rate-dependent behavior of SSG is shown in
Fig. 15. Generally, strain in a continuous beam was
nearly linear about its coordinate. Figure 15a shows
the deformation contour of interfacial SSG. Consid-
ering the impact stimulus was continuous forward
loading, total strain could be divided into plastic
strain and elastic strain. Deformation concentrated on
the center of sutural composite, and the strain
achieved its maximum values at the impact zone.
However, owing to the hardenability of strain rate,
the yield stress of SSG around the impact zone was
largely improved. Plastic strain dominated around
the impact zone and was eliminated at the center of
impact zone. The elastic strain became the dominate
form of deformation (Fig. 15b). The von Mises stress
contour is shown in Fig. 15c. The stress did not show
a declined behavior consistent with the plastic strain,
which illustrated the self-hardening progress of SSG.
With the increase in drop heights, equivalent plastic
strain came to concentrate around the center of the
interfacial SSG, and the maximum stress was dis-
tributed to a larger region (Fig. 15d—f). However,
equivalent plastic strain at the center of the SSG still
held constant, which indicated a typical shear stiff-
ening behavior of SSG.

Furthermore, the role of suture teeth was investi-
gated. Figure 16 illustrates the distribution of LE on
the bottom skin facesheets at 1 ms. Owing to the
presence of sutural geometry, deformation of bottom
skin facesheets extends along the inclined interface
instead of uniformly along the 180° plane. Large
deformation was distributed at the edges of skin
facesheets, which could help illustrate the result in
Fig. 6f. With the increase in sutural angles, strain
came to concentrate around the center of bottom skin
facesheets. Impact energy was translated from top
skin facesheets to bottom facesheets.

Figure 17 shows the distribution of von Mises
stress on the top face sheet and bottom facesheet of
different suture structures. The maximum stress of
60° top face sheet was smaller than that of 180° top
face sheet. However, the stress was distributed to a
larger scope with the presence of suture teeth, in
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which way the suture face sheets could provide
higher contact stiffness. The distribution of stress on
bottom face sheets is shown in Fig. 17e-h. Compared
to the uniform distribution on 180° face sheet, the
stress concentrated on the edges of the suture teeth
and spread along the edge. With the decrease in
suture teeth angles, the edges of the suture geometry
undertook more stress. More serious stress concen-
tration was observed at the edges of 30° suture
structure. Heavy stress concentration might destroy
the structures of suture geometry. However, the
stress was reduced rapidly along the inclined suture
planes. On the bottom of the suture angles, the stress
was much smaller than that on the 180° bottom face
sheet. The stress was heavily diminished during the
propagation along the inclined suture planes. So, the
TF was much smaller with the presence of suture
geometry.

Conclusions

In this paper, biomimetic composites with suture
interface were made by a 3D printer and the inter-
facial material was chosen as rate-dependent mate-
rial, SSG. Compressive tests with constant speeds and
low-velocity impact experiments were performed to
evaluate the stiffness and impact protection proper-
ties. The following conclusions could be brought out:

The viscoelastic soft core in sutural composite
showed high rate-dependent behavior. Its transient
and mutable transformation from solid to plastic
helps the sutural composite dissipate large energy.
With the increase in drop heights, sutural composites
with SS5G showed more remarkable hardening
behavior.

Sutural interface provided sutural composites with
higher capacity to resist deformation and dissipate
impact energy. The equivalent stiffness of sutural
structure increased with the decrease in suture
angles. Meanwhile, the deformation amplitude of the
bottom face sheets was greatly decreased, and the
impact energy could be dissipated in shorter time.
The dynamic force sensor also showed that TF factors
were also reduced owning to the suture geometry.
These differences between the staggered composites
with and without suture geometry came to more
obvious when the impact energy increased. The
composites were expected to be adopted as sutural
materials to resist impact and vibration. It was hoped
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to provide high structural stiffness and suppress
residual kinetic energy.

The numerical analysis showed that the appropri-
ate choice of the suture angles could make the
deformation more uniform to enhance energy dissi-
pation. Large contact area of the SSG was favorable
for stress dispersion and the stress propagation along
the triangle edges. Fine designed sutural geometry
may lead to high suppression of impact stress.
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