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Traditional sports insoles could reduce plantar pressure and protect against external dynamic shock during
exercising, while their performance was limited severely for individuals with abnormal gait. Thus, it was in
urgent need to develop insoles with both safeguarding and orthopedic functions. Here, shear stiffening gel (SSG),
whose storage modulus rose dramatically with the shear frequency, was encapsulated in elastic elastomer
(Ecoflex) tubes by using the coaxial direct ink writing technique to prepare customized insoles. The printing
parameters were investigated to optimize the mechanical property of SSG/Ecoflex composite core-sheath fibers
and hybrid films. Due to the rate-dependent mechanical property of inner SSG, the hybrid films could dissipate
53.4% impact acceleration, 46.9% penetrated force and increase buffer time by 1.6 times under dynamic
loadings, thus presenting excellent safeguarding performance. Compared with commercial insoles, coaxial ad-
ditive manufactured SSG/Ecoflex hybrid insoles not only exhibited better protection against sudden shocks
during mild and violent exercises but also provided physical corrections to abnormal walking gaits, such as varus
and valgus foot. Therefore, the programmable coaxial additive manufacture technique for constructing SSG/
Ecoflex composite sports armors hold great promise for future advanced safeguarding and customized health
improvement.

1. Introduction applications severely [11]. Various physical operations were employed
to resist this disadvantage, such as impregnating SSG into porous poly-
urethane sponge [12] or packaging SSG within soft silicone elastomer

[13]. But these methods suffered from a complicated process, high cost,

Due to the increasing security requirements of policing issues and
confrontational sports, it is an emergency task to develop the body ar-

mors to protect against external violent shocks [1-4]. Shear stiffening
gel (SSG), whose storage modulus increases 3-4 orders of magnitude
with the increase of shear frequency, has been wildly researched owing
to the excellent performance of energy absorption and stress dissipation
[5-8]. The typical rate-dependent property endowed SSG with superior
anti-impact performance, which reduced the peak penetrated stress by 2
orders of magnitude [9]. Due to the perspective in personal protection
areas, SSG was impregnated into Kevlar fabrics for preparing soft armors
which could reduce 49.5% impact force and dissipate 21.6% impact
energy [10]. However, the cold-flow behavior of SSG originated from
the highly viscoelastic nature suppressed its further practical
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or uncontrollability, which seriously restricted the development of
SSG-based sports armors. Besides, individuals with physical diseases or
abnormal gaits require additional external assistance [14,15], while
producing custom-tailored products for end-users is a huge challenge for
traditional manufacturing methods due to the high costs.

The emerging additive manufacture (AM, also referred to as 3D
printing) technique with the advantages of scalability and controlla-
bility has provided a new strategy for constructing customized products
and complex structures simply in a programmable manner [16-19]. The
AM technique has been successfully applied in many areas such as
sensors [20-22], microfluidic networks [23], photonic bandgap
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materials [24], tissue scaffolds [25,26], and drug delivery devices [27,
28]. The common ways for printing polymers [29-32] are composed of
direct ink writing (DIW), fused deposition modelling (FDM), stereo-
lithography (SLA) and so on. Among them, DIW is the most versatile AM
technique in terms of materials development, which enables the creation
of complex 3D shapes by formulating a paste with controlled rheology
[33,34]. More importantly, DIW enables a combination of different
formulations into complex structures by using multiple extrusion noz-
zles in previously inaccessible or infeasible ways [35]. For example,
typical methods of developing protective elastomer sheath include
wrapping prestretched polymer fibers with elastic species [36], or
encapsulating a liquid or gel in an elastomer by stencil printing, injec-
tion into microchannels, and droplet deposition [37,38]. The coaxial
DIW technique provided a scalable approach to fabricate core-sheath
structures in a feasible and programmable manner [39-42]. Liquid
metal could be directly encapsulated into an elastomeric sheath in a
single step without any post-processing such as injecting or casting by
coaxial DIW technique [43]. Moreover, Zhao successfully applied co-
axial DIW technique in the fabrication of coaxial fiber-shaped super-
capacitors and energy storage devices [44-46]. Besides, the fibrous
supercapacitors fabricated coaxial DIW technique exhibited excellent
long-term cycling performance with capacitance retention of 98.63%
after 12,000 cycles [47]. Therefore, the coaxial DIW technique may be a
good choice to package highly viscoelastic SSG into elastic sheath for the
preparation of steady and customized sports armors.

In this work, the coaxial DIW technique was developed to prepare
SSG/Ecoflex composites based customized insoles. A coaxial nozzle was
applied to extrude the inner printing ink (SSG) and outer printing ink
(liquid Ecoflex) simultaneously, in which viscoelastic SSG was encap-
sulated within an elastic tube. The printing parameters were investi-
gated to improve the rheological property of SSG/Ecoflex composite
core-sheath fibers and the further developed SSG/Ecoflex hybrid films.
The printing direction induced the tensile anisotropy of the printed
films, which could be improved by designing the printing direction of
the double-layer films. Due to the rate-dependent property of inner SSG,
the films could dissipate impact acceleration and penetrated force
effectively under dynamic loadings. With the help of the scalable coaxial
DIW technique, customized insoles were prepared in a feasible and
programmable manner. They could not only dissipate dynamic force and
protect the foot more effectively compared with commercial insoles
during exercises, but also provide physical correction to the abnormal
walking gait, such as varus and valgus foot. Thus, the coaxial additive
manufacture technique based on SSG/Ecoflex composites had broad
application prospection in customized sports armors with both safe-
guarding and health improvement functions.

2. Experiment section
2.1. Materials

Ethanol and boric acid were all purchased from Sinopharm Chemical
Reagent Co. Ltd., Shanghai, China. Hydroxyl silicone oil (PDMS, 500
mm?/s, AR degree, from Jining Huakai Resin Co., Ltd) was used to
prepare shear stiffening gel (SSG). Commercially available silicone
elastomer Ecoflex 00-20, Thi-Vex Silicone Thickener and Slo-Jo Plat-
inum Silicone Cure Retarder were purchased from Smooth-On (Mac-
ungie, PA, USA).

2.2. Preparation of printing inks

By consciously stirring for 10 min, 1 g boric acid and 40 mL hydroxyl
silicone oil were mixed evenly in a ceramic dish. Then, the mixture was
heated at 180 °C for 1.5 h and was stirred every 15 min to ensure the
homogeneous reaction. The mixture formed lightly cross-linked, sticky
and viscous gel during the heating process. After cooling to room tem-
perature, the core ink (SSG) was obtained.
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10 g Ecoflex 00-20 Part A with 10 g Part B were mixed homoge-
neously. Then, 0.5 g Thi-Vex Silicone Thickener (referred to as Thi) was
added as rheological modifier and 0.2 g Slo-Jo Platinum Silicone Cure
Retarder was applied to increase the pot life. After that, the mixture was
thoroughly stirred and degassed in a planetary centrifugal mixer
(HM800, Shenzhen Hasai Technology Co., Ltd., Shenzhen, China) at
3000 rpm for 15 min. Finally, the obtained sheath ink was transferred to
a 20 mL syringe.

2.3. Printing of SSG/Ecoflex composite core-sheath fiber and SSG/
Ecoflex hybrid film

The coaxial nozzles were constructed by using an Object260 Con-
nex3 PloyJet 3D multi-material printer (Statasys Ltd.). The outlet di-
ameters of the inner and outer nozzle were 0.6 and 1.0 mm, respectively
(Fig. 1b). The inner nozzle could be screwed into the outer nozzle tightly
and form coaxial channels for printing inks flowing in the desired
configuration. A 20 mL pneumatic syringe was used to store the core ink
(SSG). An air cylinder connected to an air compressor and a pressure
regulator (XN2010, Puma Industrial Co., Ltd.) were used to provide 0.6
MPa air pressure to extrude SSG through the inner nozzle. The printing
speed was set at 30 mm/min. A syringe pump (LSP02-1B, Longer Pump
Co., Ltd.) was adopted to control the extrusion speed of the sheath ink
(liquid Ecoflex) through the outer nozzle (Figs. 1a and S1). All experi-
ments were carried out at room temperature (25 °C).

The coaxial nozzle was assembled on a computer-controlled 2-axis
movement platform (VG-L5S, Vigotec Co., Ltd.). The printing paths
were designed by using 2D models (constructed by SolidWorks, MA,
USA) and complied with Vigo-Engravel software. The SSG/Ecoflex
composite core-sheath fibers were printed on even polyethylene tere-
phthalate (PET) films at 30 mm/min (Fig. 1c). The SSG/Ecoflex hybrid
films were constructed by printing parallel fibers with an interval of
1.25 mm. Then, the SSG/Ecoflex hybrid films were vulcanized in an
oven at 80 °C for 15 min and peeled off from the PET films to obtain final
products (Fig. 1d).

2.4. Characterization

The rheological properties of the inks were characterized using a
stress-controlled rheometer (Physica MCR302, Anton Paar Co., Austria).
The samples, molded into a cylinder shape with a thickness of 1 mm and
diameter of 20 mm, were tested with a parallel plate (diameter: 20 mm).
At the frequency sweep tests, the strain was set at 0.1%. At the strain
sweep tests, the shear frequency was set at 1 Hz. The above tests were
carried out at 25 °C. The images were taken by digital microscope
(KEYENCE VHX Digital Microscope, VH-Z100). The stretch tests were
carried out by using a dynamic mechanical analyzer (DMA, Electro
Force 3200, TA instruments, Minnesota 55344 USA). The length and
width of samples were 40 and 5 mm, respectively. The impact tests were
carried out with a drop tower machine (ZCJ1302-A, MTS System Co.,
America) with the drop hammer mass of 0.25 kg and 0.50 kg. The side
length of square samples was 40 mm. The plantar pressure was collected
by using pressure sensitive paper (Prescale, 4LW, Fujifilm Holdings Co.,
Japan). The dynamic impact tests and plantar pressure tests were carried
out at room temperature.

3. Results and discussion
3.1. Rheological properties of printing inks

Shear stiffening gel (SSG) was a kind of lightly crosslinked poly-
borosiloxane polymer material with unique rate-dependent mechanical
properties. In natural state, SSG was soft and plastic with low modulus,
which was prone to exhibit irrecoverable plastic deformation under
external force or gravity. Upon external loads with high strain rate, SSG
transformed from the viscous liquid state to rubbery state and glassy
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Fig. 1. The schematic of coaxial DIW devices (a). The coaxial nozzle and its cross-sectional schematic diagram (b). The images and schematics of SSG/Ecoflex

composite core-sheath fiber (¢) and SSG/Ecoflex hybrid film (d).

state quickly [48,49]. The dynamic oscillatory shear tests were applied
to illustrate the typical shear stiffening property of SSG (Fig. 2a). At 0.1
Hz, the storage modulus of SSG was only 92 Pa, which was much lower
than the loss modulus (3826 Pa). As the shear frequency rose to 100 Hz,
its storage modulus increased by 3 orders of magnitude to 0.23 MPa
sharply, which demonstrated that SSG presented a hard solid-state
behavior. The creep behavior of SSG was characterized by applying
shear stress of 10 Pa for 300 s and then the shear stress was removed at
the following 600 s (Fig. 2b). The shear strain increased almost linearly
with time at 10 Pa shear stress. At 300 s, the shear strain reached 56.7%.
The shear strain was composed of two parts: elastic and plastic. After
removing the external loadings, the elastic strain disappeared, and the
remaining part that could not be restored was the plastic strain.
Apparently, the shear strain decreased slightly with an unrecoverable
strain of 55.8% at 900 s as the shear stress returned to 0. Thus, SSG
presented strong plastic nature and could not recover its initial state
after being subject to external loadings.

To demonstrate the cold-flow behavior of SSG in a visible way, the
creep tests were carried (Fig. 2¢). SSG was cut into a rectangle shape
(length: 55 mm, height: 8 mm, width: 15 mm). Then, the both sides were
placed on the steps with the middle part hanging in the air. The hanging

distance was 30 mm. The middle part collapsed and fell down under
gravity. Finally, the middle part ruptured and dropped onto the ground
at 450 s. Due to the low cross-linking density of polymer chains, SSG
behaved as a liquid and could not maintain a stable shape in the natural
state. Thus, it was necessary to encapsulate SSG into elastic sheath for
practical applications.

The relationship between the modulus and the shear strain was
investigated to study the printability of SSG (Fig. 2d). The shear fre-
quency was set at 1.0 Hz. The storage and loss modulus of SSG kept
stable at low strain and tended to fall as the shear strain increased. Here,
the yield strain was about 40%. The loss modulus was larger than the
storage modulus. Thus, SSG exhibited a liquid-like nature and tended to
flow at static state, indicating that SSG could be extruded from the
nozzle.

The viscosity of the liquid Ecoflex was independent of the shear rate
(Fig. 2e). With the introduction of the rheology modifier (Thi), its vis-
cosity decreased with strain rate, presenting shear thinning property.
The viscosity, the ratio of shear stress and shear rate, reflected the
resistance of the fluid to the flow. Low viscosity at high strain rate
benefited the smooth flow of sheath ink through the nozzle. After the
fiber was extruded onto the substrate, the high viscosity at static state
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Fig. 2. The rheological properties of printing inks. The storage and loss modulus of SSG plotted versus shear frequency (a). The creep behavior of SSG under 10 Pa
shear stress (b). The cold-flow behavior of SSG under gravity (c). The storage and loss modulus of SSG plotted versus shear strain (d). The viscosity (e) and storage,

loss modulus (f) of liquid Ecoflex.

suppressed its shape change. Thus, the shear-thinning feature benefited
the core-sheath fiber fabrication during the coaxial DIW experiments.
The modulus of the liquid Ecoflex was irrelevant with the shear strain
and the loss modulus was larger than its storage modulus, presenting a
liquid-like behavior (Fig. 2f). The addition of rheological modifier (Thi)
improved the printability of liquid Ecoflex apparently. The storage
modulus of Ecoflex-Thi reached 2850 Pa which was much higher than
the corresponding loss modulus at low strain. This result indicated that
Ecoflex-Thi presented a solid-like characteristic, which was essential for
the shape retention of the SSG/Ecoflex composite core-sheath fibers.
Moreover, the low yield and sol-gel transition shear strain assisted the
fluent extrusion through the coaxial nozzle. In conclusion, Ecoflex-Thi
was a suitable printing ink for the following coaxial DIW experiments.

3.2. Morphology characterization of SSG/Ecoflex composite core-sheath
fibers and SSG/Ecoflex hybrid films

SSG/Ecoflex composite core-sheath fibers with different sizes could
be obtained by adjusting the sheath extrusion speed (Fig. 3a). The core-
sheath fiber presented a semicircular shape. During the printing process,
the core SSG and sheath liquid Ecoflex were coextruded from the nozzle
and both formed circular shapes at first. The static modulus of SSG was
much larger than sheath liquid Ecoflex. Thus, liquid Ecoflex was
deposited on the printing platform due to gravity and formed a semi-
circle shape quickly. The deformation in SSG was much slower. More-
over, the static storage modulus of liquid Ecoflex was larger than loss
modulus and it could support inner SSG, which hinder the further
deformation in SSG. Thus, the core SSG maintained the initial circular
shape. The cylindrical SSG was at the center of the fiber and completely
wrapped by Ecoflex. With the increase of sheath extrusion speed, the
fiber shape almost unchanged, while the cross-sectional area increased
obviously due to the growing outer layer (Fig. 3c). As the sheath
extrusion speed rose from 0.4 to 0.6 mm®>/s, the sheath area enlarged
from 1.32 to 1.90 mm?. The sheath area was much larger than the exit
area of the coaxial nozzle (0.785 mm?2). This was mainly induced by the
die swelling phenomenon [50,51]. After being transferred into the

nozzle, the printing inks were strongly squeezed. Although the defor-
mation was relaxed when flowing inside the nozzle, a large amount of
internal stress remained. When the printing inks lost the restraint at the
exit, elastic recovery occurred, resulting in die swelling. As the sheath
extrusion speed was set at 0.6 mm?/s, the average core area and sheath
area were 0.36 and 1.90 mm?, respectively. The corresponding standard
deviations were 0.065 and 0.14 mm?, respectively. The low standard
deviations demonstrated the good geometrical accuracy of the printed
core-sheath fibers. Moreover, the air pressure was varied to optimize the
structure of the core-sheath fiber (Fig. S2).

The SSG/Ecoflex hybrid film was obtained by printing fibers in
parallel and the distance between adjacent fibers was kept at 1.25 mm
(Fig. 3b). The films were flat and the cylindrical SSG was evenly spaced
inside the films. When the sheath extrusion speed was 0.4 mm?®/s, the
encapsulation effect of Ecoflex on the inner SSG was poor. The thickness
of the films increased with the sheath extrusion speed (Fig. 3d). Raising
the sheath extrusion speed from 0.4 to 0.6 mm?>/s, the thickness of the
film enlarged from 1.18 to 1.37 mm. As the sheath extrusion speed
overpassed 0.6 mm?®/s, the sheath Ecoflex could encapsulate the inner
SSG tightly and thoroughly.

3.3. Mechanical properties of the SSG/Ecoflex hybrid films

Due to the shear stiffening characteristics of SSG, the SSG/Ecoflex
hybrid films also presented a rate-dependent mechanical property
(Fig. 4a). For example, as the sheath extrusion speed was set at 0.5 mm®/
s, the storage modulus of SSG/Ecoflex hybrid film at 0.1 Hz was 6.5 kPa
and increased quickly to 17.4 kPa at 10 Hz. The storage modulus of the
films increased with the sheath extrusion speed. At 0.1 Hz, the storage
modulus increased from 6.5 to 13.8 kPa as the sheath extrusion speed
rose from 0.5 to 1.0 mm®/s. Because of the elasticity of the Ecoflex
sheath, the SSG/Ecoflex hybrid films behaved differently in the creep
tests (Fig. 4b). Ecoflex film underwent 0.84% elastic deformation within
0.1 s under a shear stress of 100 Pa. Then the shear strain stabilized at
about 0.94% until 100 s. After removing the shear stress, the shear strain
reduced to 0.2% in 1 s, and then declined to almost 0 in the following 50
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Fig. 4. The storage modulus (a) and creep behavior (b) of SSG/Ecoflex hybrid films with different sheath extrusion speed.

s. Ecoflex film could return to its original state quickly, showing excel-
lent elastic recovery property. The elastic Ecoflex sheath also benefited
the mechanical stability of core-sheath films. As the sheath extrusion
speed was 1.0 mm?/s, the shear strain of SSG/Ecoflex hybrid film
reached 1.8% at 100 Pa shear stress. After removing the external force,
the shear strain recovered to 0.2% at 234 s, showing a weaker recovery
ability. The residual shear strain at 900 s was less than 0.1%, which
meant the film could finally return to the original state. As the sheath
extrusion speed reduced, the SSG percentage increased. Thus, the

viscoelasticity of the SSG/Ecoflex hybrid film became stronger gradu-
ally. The deformation in the creep stage (green part) increased and the
mechanical recovery ability reduced accordingly. However, when the
sheath extrusion speed overpassed 0.5 mm®/s, SSG/Ecoflex hybrid films
could recover completely with the residual strains less than 0.1% at 900
s. Moreover, the inner SSG could be encapsulated into the outer Ecoflex
sheath completely as the sheath extrusion speed was larger than 0.5
mm?®/s. The printing condition with 0.6 mm?®/s sheath extrusion speed
was good enough to meet the experimental requirements and was
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selected as the optimum for the following experiments.

As shown in Fig. 5a, the film exhibited strong anisotropy due to the
horizontal printing direction. Compared with the ‘Y-Y’ direction, the
tensile stress was much larger in the ‘X-X’ direction. Moreover, the
tensile elongation in the ‘X-X’ direction was 717%, while in the ‘Y-Y’
direction was only 528%. The anisotropy could be regulated by
adjusting the printing direction of double-layer films. The printing di-
rection angle of the top layer with the bottom layer was set at 30°, 45°
and 90°, respectively (Fig. S5b-d). As the printing direction angle
increased, the difference of the stress-strain curves in the ‘X-X’ direction
and ‘Y-Y’ direction gradually decreased. When the printing direction
angle rose to 90°, the tensile mechanical behaviors were almost iden-
tical. The modulus of SSG was low in the natural state. Under quasi-
static stretch, the tensile stress was mainly originated from the Ecoflex
layer. The Ecoflex proportion along the ‘X-X’ direction was much larger
than the ‘Y-Y’ direction, which resulted in the stress and tensile elon-
gation difference. As the printing direction angle increased, the differ-
ence of the Ecoflex proportion in two directions gradually reduced to O,
leading to almost identical stress at 100% strain and tensile elongation
(Fig. S3).

Due to the shear stiffening characteristics of SSG, SSG/Ecoflex hybrid
monolayer film could absorb dynamic impact energy and force under
dynamic loadings, exhibiting effective protection against external
shocks. The impact tests were carried out to evaluate its protective
performance with a drop hammer mass of 0.25 kg. The acceleration
sensor was placed on the drop hammer to record the impact acceleration
signals and the force sensor was deposed under the film to collect the
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penetrated force signals. Besides, the drop hammer impacting on the
force sensor without a protective layer was used as reference, and SSG
and Ecoflex films with the same thickness were applied as the compar-
ison. At 0.1 m drop height, when the drop hammer directly impacted
upon the force sensor, the acceleration signal increased sharply and
reached the peak value (6.95 km/sz) within 0.28 ms (Fig. 6a). Mean-
while, the drop hammer velocity was reduced to zero and this time was
called buffer time. The impact energy was released during the buffer
time and a shorter buffer time could cause greater damage. The pene-
trated force increased with the impact acceleration signal accordingly
and reached a peak value of 648 N at 0.28 ms (Fig. 6b). After that, the
drop hammer began to rebound back, leading to the reduction of impact
acceleration and penetrated force. Then, the drop hammer impacted
upon the force sensor again at 1.7 ms, resulting in the second peak.
Compared with other samples, the impact acceleration and pene-
trated force of SSG films were the smallest, presenting superior safe-
guarding performance. At 0.1 m drop height, the peak impact
acceleration was reduced from 6.95 to 2.16 km/s? as SSG film was
applied. SSG damped out the impact force effectively owing to the shear-
stiffening effect. Besides, the buffer time was enlarged from 0.28 ms to
1.21 ms, which benefited the force and energy dissipation. As the drop
hammer stroked on SSG film, shear stiffening effect occurred and the
dramatic increase of the rate-dependent rigidity could endure and damp
out the impact force effectively [9,52]. The peak impact accelerations of
Ecoflex and SSG/Ecoflex hybrid film were 3.60 and 2.47 km/s?,
respectively. Compared with Ecoflex film, SSG/Ecoflex hybrid film
could reduce the peak impact acceleration by 31.0%. Moreover,

€

Fig. 5. The quasi-static tensile properties of the SSG/Ecoflex hybrid films. The stress-strain curves of the monolayer film when stretched in different directions (a).
The tensile stress-strain curves in different directions as the printing direction angles of the double-layer films were 30° (b), 45° (c) and 90° (d), respectively. The red
arrows exhibited the printing directions of double-layer films. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)



S. Zhang et al.

Composites Part B 225 (2021) 109268

a b C
= Reference —— Reference 15 e Reference
3 —SSG —SSG —SSG
b 4 0.6
i ok Ecoflex b i = Ecoflex Ecoflex
£ —— SSG/Ecoflex % —— S$SG/Ecoflex — Lo ——SSG/Ecoflex
= »
<) 2 =
5 & 041 £ 05
E : E
g 2 5
& < -]
pr o2 T 00
2 =] e
=9 5}
E B -0.5
0.0+
T T T T -1.0 T T T
0.0 25 5.0 0.0 25 5.0 0.0 05 i 1.0 15 20
Time/ms Time/ms Time/ms
d .. € f .
e Reference [——Reference
& o] 204 —SSG ——sSG
f Z = Ecoflex [=——Ecoflex
g SSG/Ecoflex A\‘o = SSG/Ecoflex - 2 f=———SSG/Ecoflex
5 10k 4 o i
= S g
= < =
5 e 2
9 5kA D o
o 2
< s S o
— — L
131 2 =
S 04 =
& b
=
-5k 4 2
T -0.5 T T T T T
0.0 25 5.0 0.0 25 5.0 0.0 05 1.0 15
Time/ms Time/ms Time/ms

Fig. 6. The anti-impact performance of the SSG/Ecoflex hybrid monolayer film. The impact acceleration signals of drop hammer (a, d) and penetrated force (b, e)
during the impact process at the drop height of 0.1 and 0.5 m, respectively. The velocity of drop hammer at the drop height of 0.1 (c) and 0.5 m (f).

SSG/Ecoflex hybrid film could reduce penetrated force by 18.8%
compared with Ecoflex film. Thus, the introduction of SSG enhanced the
safeguarding performance of Ecoflex film dramatically.

By integrating the impact acceleration signals, the velocity of drop
hammer during the impact process was obtained (Fig. 6¢). As the drop
hammer impacted upon the force sensor directly, its velocity dropped
quickly to zero. The impact energy was released in a short time, which
would result in tremendous damage to the human body. Then, the
hammer rebounded back at a velocity of 0.62 m/s, which resulted in the
second shock. As the SSG/Ecoflex hybrid film was applied, the velocity
of drop hammer reduced much slower and the rebound velocity was
declined to 0.33 m/s, avoiding unwanted second harm. As the drop
height increased to 0.5 m, the SSG film also exhibited the smallest
impact acceleration and penetrated force due to the excellent force
dissipation property of SSG (Fig. 6d and e). Similarly, the anti-impact
behavior of SSG endowed SSG/Ecoflex hybrid film with lower impact
acceleration and penetrated force compared with Ecoflex film. Besides,
the rebound velocity of Ecoflex film was 1.04 m/s, which was further
reduced to 0.50 m/s by SSG/Ecoflex hybrid film, presenting excellent
energy dissipation capability of inner SSG.

The values of peak impact acceleration and penetrated force, buffer
time and rebound velocity evidenced the superior safeguarding behavior
against dynamic shocks of SSG (Fig. S4). The dynamic ‘B-O’ bonds be-
tween different chains in SSG were the main reason for the rate-
dependent mechanical property [49]. The dynamic bonds could break
and reform with time, connecting the polymer chains into a uniform
network structure. In natural state, the dynamic bonds had enough time
to break and reform slowly, giving the polymer network certain
mobility. The slight friction between polymer chains bear most of the
external force. In this case, SSG was soft, plastic and easy to deform. At
high strain rate, a large number of dynamic bonds had no enough time to
break, locking the whole polymer network. Thus, SSG modulus
increased sharply and undertook dynamic force. Consequently, SSG
transformed from viscous liquid state to rubbery state and produced a
large number of microcracks, which effectively absorbed the impact
energy and buffered the impact force [12]. However, SSG possessed a
typical cold-flow behavior in natural state, which hindered its further

applications. SSG/Ecoflex hybrid film not only possessed outstanding
protection performance but also resisted the flow nature of SSG effec-
tively. After being impacted, SSG/Ecoflex hybrid film could return to its
original state quickly, which expanded its application prospect and
value in the field of buffer protection such as soft armor and cushioning
area.

The printing direction of SSG/Ecoflex hybrid double-layer film
influenced its anisotropy in quasi-static state, so the effect of the printing
direction on the performance under dynamic impact attracted our in-
terest. As shown in Fig. 7, the penetrated force signals at drop heights of
0.1 m and 0.5 m exhibited almost identical regardless of the printing
direction angle. The anisotropy of SSG/Ecoflex hybrid double-layer film
was located in the ‘X-Y’ plane, and the dynamic impact force was
perpendicular to this plane. Therefore, the printing direction of double-
layer films was irrelevant to the anti-impact performance.

3.4. The application of SSG/Ecoflex hybrid films in insoles

During exercises, human feet will be subject to huge pressure.
Without necessary protection, injuries such as sprains and ligaments
torn are prone to occur [53,54]. Due to the excellent dynamic
anti-impact performance, the SSG/Ecoflex hybrid film insoles were
printed to protect the human foot. The insoles were composed of three
layers of SSG/Ecoflex hybrid films with printing directions of 0°, 90° and
0° (Fig. 8a). The size of the insoles was 8.0 cm x 24.0 cm. A 0.5 kg drop
hammer was used to conduct impact tests at different drop heights to
analyze the dynamic cushioning effect of the insoles. Traditional mate-
rials for commercial insoles, such as EVA foam and Poron foam, were
tested as comparison.

Without protection, the penetrated force reached 3.92 kN at a drop
height of 10 cm (Fig. 8b). The large and destructive impact force would
result in great injuries to human feet, ankles and muscles. The applica-
tion of insoles significantly reduced the penetrated force by about an
order of magnitude, providing effective protection to the sole skin and
tissues during intense exercises. To analyze and compare the buffer ef-
fect, the buffer ratio of each insole was calculated as
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Fig. 7. The penetrated force of SSG/Ecoflex hybrid double-layer films with different printing degrees at the drop height of 0.1 (a) and 0.5 m (b).
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Fig. 8. The image of the SSG/Ecoflex hybrid three-layer insole and the schematic diagram of printing direction of three layers (a). The max penetrated force of
different insoles (b). The image of the plantar pressure map test (c). The customized insoles and the images of varus, normal and valgus foot (d). The red lines
presented the manners of the foot bearing the human body weight. The insole @ was flat and could be used for normal foot. Additional two layers (blue part) were
printed on the outer or inner side of the heel of the insole @ or ®, which could be used for correcting varus and valgus foot, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

buffer ratio=1 — F/FR (€8}

where F was the penetrated force of the insole, and Fr was the pene-
trated force without the insole. The larger the buffer ratio, the better the
protection performance. The buffer ratio of EVA foam insole reached
96% under a 10 cm drop height and reduced quickly to only 67% as the
drop height rose to 50 cm (Fig. S5). Poron foam insoles exhibited a
smaller buffer ratio of 89% under low-speed impact compared with EVA
foam, while its protection effect attenuation with the drop height was

much weaker. At a drop height of 50 cm, the buffer ratio was reduced to
83%, indicating better cushioning protection under intense exercises of
Poron foam insoles. Due to the unique rate-dependent mechanical
properties of SSG, SSG/Ecoflex hybrid insoles could provide outstanding
cushioning effect under low-speed and high-speed impacts. At a drop
height of 10 cm, the buffer ratio reached 95%, which was similar to EVA
foam insoles. Increasing the drop height to 50 cm, the buffer ratio could
still reach 85%, slightly better than Poron foam insoles. The above re-
sults indicated SSG/Ecoflex hybrid insoles could not only adapt to the
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low-speed movement of the human body, such as walking but also
performed well at high-speed sports, such as soccer, basketball, pre-
senting broad application prospects in the field of body protection.

As the basic human movements, walking requires the cooperation of
many systems to enable a person to walk forward with a normal and
stable gait. Abnormal gait refers to the uncoordinated, unstable and
discontinuous walking style of walking, indicating the imbalance of the
human body and possible pathological features. Incorrect walking style
is prone to wear joints, strain the muscles and may be related to nervous
system problems sometimes [55,56]. The foot arch is the most important
factors for walking gait. The normal foot arch can bear the pressure of
the human body reasonably, cushion the impact and vibration, and
protect the nerves and blood vessels of the foot from compression. For a
normal arch, the center of the sole is tilted inward about 30°. Varus and
valgus foot mean that the sole deflects to the inside and outside, which
will lead to poor foot flexibility, lateral ankle instability, and sprain. It
may also result in limited functionality of the arch, thus the athletic
ability is restricted and the function of walking, running and jumping is
weakened. Therefore, the timely diagnosis and physical correction of
abnormal gait (such as varus and valgus foot) are very important to
improve human health.

The plantar pressure test, which measured the upward force on the
soles, was a kind of widely used and effective method to assess the state
of walking function. The pressure sensitive paper, which could turn red
as compressed, was used to record the plantar pressure (Fig. 8c). By
using the programmable and scalable advantages of the coaxial DIW
technique, the customized insole @ and insole ® were prepared for
correcting varus and valgus foot (Fig. 8d).

Fig. S6 presented the plantar pressure distribution of a standing
volunteer with a normal arch and a weight of about 49 kg. The stressed
region appeared red and the deeper the red, the greater the pressure. The
Matlab software was used to process the original images to obtain the
plantar pressure map (Fig. 9). Without insoles, the plantar pressure was
pretty large, and mainly located at the forefoot, arch and back heel
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(Fig. 9a). The excessive pressure on the arch would lead to the decrease
of cushioning effect, which may cause joint wear and even damage when
exercising. Besides, the elasticity of the arch was reduced, declining the
bounce ability. As insoles were applied, plantar pressure was reduced
significantly. Due to the soft and elastic nature of insoles, they deformed
and fitted the shape of the foot sole under the weight of the human body,
thereby dispersing the pressure effectively. Because the pressure
detection limit of pressure-sensitive paper was 0.05 MPa, the pressure in
marginal areas was too low to detect, resulting in the reduction of the
plantar pressure map area. Besides, the insole could effectively reduce
the pressure on the arch, which not only protected the arch but also
benefited its normal function. Compared with SSG/Ecoflex hybrid insole
(insole @), EVA foam and Poron foam insoles exhibited almost no dif-
ference in protective effects.

Due to the varus foot, the plantar pressure was concentrated on the
outside and the arch was under excessive pressure (Fig. 10a). EVA and
Poron foam insoles could reduce plantar pressure to a certain extent, but
were unable to improve the situation of overlarge arch pressure
(Fig. 10b and c). The insole @ could force the foot to reverse outward
owing to two additional layers of SSG/Ecoflex hybrid films at the outer
side of the insole heel. As insole @ was applied, not only the plantar
pressure was reduced, but also the excessive pressure on the arch was
relieved significantly due to the physical correction of the varus foot.

At the valgus foot, the plantar pressure was concentrated on the inner
side and the arch was not stressed (Fig. 11a). In this case, the arch
collapsed, which may cause the fibula to collide with the calcaneus
during walking. Similarly, EVA and Poron foam insoles reduced plantar
pressure effectively but were powerless to improve the valgus foot
(Fig. 11 b, c). The insole ® was applied to force the foot to reverse in-
ward by adding two additional layers of SSG/Ecoflex hybrid film at the
inner side of the insole heel (Fig. 11d). The insole ® alleviated the foot
valgus and the outside of the sole also shared part of the body pressure.
At the same time, it greatly reduced the plantar pressure and protected
the skin and tissues of the feet.

SSG/Ecoflex -.:

Intensity
1100

68.75

«
o
8

41.25

13.75

0.000

Fig. 9. The plantar pressure map of the normal arch. The plantar pressure map without insole (a), with the protection of SSG/Ecoflex hybrid (b), EVA foam (c), Poron

foam (d) insoles. The insole @ was used here.
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Fig. 10. The plantar pressure map of varus foot. The plantar pressure map without insole (a), with the protection of SSG/Ecoflex hybrid (b), EVA foam (c), Poron
foam (d) insole. The insole @ was used here.
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Fig. 11. The plantar pressure map of valgus foot. The plantar pressure map without insole (a), with the protection of SSG/Ecoflex hybrid (b), EVA foam (c), Poron
foam (d) insole. The insole ® was used here.

4. Conclusion which could protect against dynamic shocks during exercising and
physical correction to abnormal walking gait simultaneously. The inner

In summary, we demonstrated a simple and efficient coaxial DIW printing ink SSG exhibited typical rate-dependent mechanical property
method to construct SSG/Ecoflex composite based customer-fit insoles, with storage modulus rising 3 orders of magnitude with the shear
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frequency. The printing direction resulted in the tensile anisotropy of
SSG/Ecoflex hybrid films, which could be eliminated by designing the
printing direction of double-layer films. Due to the rate-dependent
property of inner SSG, the films could dissipate 53.4% impact acceler-
ation, 46.9% penetrated force and increase buffer time by 1.6 times
under dynamic loadings, presenting excellent safeguarding perfor-
mance. Besides, the SSG/Ecoflex hybrid insoles provided more effective
protection during both mild and violent exercising compared with
commercial insoles. Finally, with the help of scalable and programmable
coaxial DIW technique, the customer-fit insoles were fabricated which
benefited the abnormal walking gait correction, such as varus and
valgus foot. Therefore, the coaxial additive manufacture technique for
constructing SSG/Ecoflex composite based sports armors showed broad
application prospections in future safeguarding and foot orthopedics
areas. More importantly, more advanced sports armors that take the
advantages both from the fabrication customization superiority of co-
axial DIW technique and the outstanding safeguarding function of SSG
would be a possible solution for emerging personalized sports safety and
health improvement needs.
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