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A flexible viscoelastic coupling cable with self-
adapted electrical properties and anti-impact
performance toward shapeable electronic
devices†

Fang Yuan, Sheng Wang, Shuaishuai Zhang, Yu Wang, Shouhu Xuan* and
Xinglong Gong *

A novel flexible cable with self-adapted electrical conductivity and anti-impact characteristics has been

developed by combining the elastic PDMS shell and the viscous CNTs/STG (shear-thickening gel) string.

Excitingly, the conductivity of the cable can return to the initial state while the deformation of the

sensor is still maintained. Therefore, the cable exhibits rare dynamic sensitivity, which can be applied on

various targets with uneven surfaces. This flexible cable shows high stretch fracture strain (151%) and its

resistance is linearly dependent on the stretch strain and bending angle. The gauge factor of the cable is

1.18, which endows it with an ability to trace joints of the human body while walking, jumping and

squatting. More importantly, due to the energy dissipation nature of the STG, the cable shows excellent

anti-impact performance by buffering 70.5% of the impact energy and detecting high energy stimuli. An

elastic-viscous combining mechanism has been proposed to discuss the mechanic–electric coupling

performance, and the creep of viscous STG string plays a key role in determining the self-adapted

conductivity. Because of the self-adjusting electric property, anti-impact performance, and sensing

behavior, this cable can be further attached to the Kevlar fabric to form a wearable electric device to

measure the distribution of pressure.

Introduction

With the development of artificial intelligence, service-oriented
smart structures received considerable attention in various
fields. Today, flexible electric devices are of special importance
for energy regeneration,1,2 organic photovoltaic device assembly3,4

and artificial electronic skin generation5–9 because of their excel-
lent stretchability and portability. Owing to the increasing demand
for robots, wearable electronic devices, and medical health
monitors, considerable effort has been focused on the devel-
opment of highly stretchable electric devices, such as sensors,
to monitor the external chemical or physical environment.10–15

Unlike conventional electronics, wearable sensors could be
conveniently adhered to the human body for continuously
monitoring the dynamic features. In consideration of the
uneven surface on the joints of human body, flexible sensors

with a self-adapted shape have attracted significant research
interest.

During the past decade, considerable progress on flexible
sensors has been made by using diverse materials with strain
dependent conductivity. Most flexible sensors comprise conductive
fillers, such as silver nanoparticles/nanowires/flakes,16–19 conduc-
tive polymers,20 carbon nanotubes21,22 and graphene,23 dispersed
in an insulated polymer matrix. By designing inner microstruc-
tures of conductive networks, high strain sensitivity and
sensing range were achieved due to the increased spatial
deformation.24 Softness and deformability are attractive in
wearable devices, which enable a wide range of strain deformation.
Frequently, these composites were constructed from rubber,25

polyurethane,26,27 Ecoflex,28 polydimethylsiloxane (PDMS),29 and
polystyrene,30 most of which are elastic. However, fragile textures
often emerged during the installation of above devices on the
uneven surface, which weakened the mechanical property and
sensing behavior and thus limited their practical applications.

Plastic matrix with high viscosity showed potential in wearable
sensors, electronic device, and circuit repair, due to its shapeable
and self-healing properties.31–33 Importantly, it was found that
by embedding graphene in viscoelastic polymer matrices, the
plastic sensor exhibited unusual electromechanical properties.
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The postdeformation temporal relaxation of electrical resistance
and nonmonotonic changes in resistivity with strain were unpre-
cedented due to the unique filler mobility in the viscous matrix.34

Obviously, self-healing electromechanical behavior originated
from the network relaxation, favorable in adapted shapeable
electronic devices. By using amylopectin as the carrier, the shape-
able composite with conductive green hydrogen bonded networks
showed high sensing performance.35 To improve the stability, a
conductive MWCNT (multiwalled carbon nanotubes)–MPDMS
(modified polydimethylsiloxane) nanocomposite was further devel-
oped, and it could be used in electrical circuits and flexible
electronic devices due to its unique shapeable nature.36 Unfortu-
nately, it was noted that proper elasticity is necessary because
of the unexpected cold-flow in the viscous sensor. Meanwhile,
the combination of elastic and viscous parts delivers interesting
time-dependent mechanical properties. To our knowledge, the
viscoelastic coupling rheology and its further application in
sensors have not been well explored.

Furthermore, in addition to the superior electrical proper-
ties, excellent mechanical properties are essentially required for

the practical application of sensors. Unfortunately, most
flexible sensors exhibit low mechanical strength owing to their
superior softness, and the mechanical wear over time leads to
the reduction of the lifespan. The mechanical problems of
sensors can be solved by improving the mechanical properties
of the polymer matrix. Shear thickening gel (STG) is a visco-
plastic polymer whose modulus can increase drastically under
high strain rate loading by changing its physical state from
liquid to solid. Owing to the unique rate-dependent character-
istic, the STG can dissipate impact energy, and thus has a broad
application in damping, shielding and safeguarding fields.37–40

The synergistic effect of wonderful STG with elastic poly-
urethane sponge led to higher anti-impact performance than
that of the two individual components.41 Considering the self-
healing, anti-impact, and time-dependent rheology of STG,
designing distinct viscoelastic coupling structures for multi-
functional sensing materials will be effective for applications in
wearable electric devices.

In this study, we developed a novel type of a flexible cable by
combining the elastic PDMS shell and the viscous conductive

Fig. 1 The schematic illustration of the fabrication process of (a) c-STG and (b) c-STG@PDMS cable. Photograph of the c-STG@PDMS cable (c). SEM
images of (d) CNTs and (e) c-STG. The c-STG can be extruded into different shapes similar to 3D-printing (f and g), spiral wrapping (h), weaving (i); c-STG
were shaped by different molds (j and k).
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STG (c-STG) string. The mobile c-STG was sensitive to deforma-
tion in a self-adapted time-dependent manner, while the PDMS
shell endowed the cable with self-recoverability. The visco-
elastic coupling behavior endowed the c-STG@PDMS sensor
with high sensitivity to both static (stretch, compression, bend,
and torsion) and dynamic stimuli. Besides, it could not only
detect the dynamic impact from different heights but also show
the safeguarding performance due to the energy dissipation of
the STG. The cable could monitor the motion of the human
joints of the index finger, elbow, and knee, which makes it a
promising wearable electric device. Finally, the cable array
could be attached to a Kevlar fabric, which allowed to detect
the distribution of the applied pressure.

Results and discussion
Preparation and characterization of flexible c-STG@PDMS
cable

CNTs were used as the conductive fillers in the c-STG due to
their intrinsic electric conductivity. In this study, the composite
materials with different mass fractions of CNTs were named
c-STG composite-X, where X was the filler content. Fig. 1a and b
schematically illustrate the fabrication process of the c-STG and
the c-STG@PDMS cable, respectively. The obtained c-STG was
extruded from a syringe in the shape of a wire and packaged
using PDMS to maintain a fixed cylinder shape. Both ends of
the cylinder were connected with a copper wire and a flexible
c-STG@PDMS cable was obtained (Fig. 1c). Fig. 1d shows the
SEM image of CNTs. It was found that these thread-like carbon
nanotubes were entangled because of the wire-like nanostruc-
ture. The CNTs were uniformly dispersed after doping the CNTs
into the STG matrix (Fig. 1e). The bright particles that emerged
on the polymer matrix were CNTs (inset of Fig. 1e) and the
smooth substrate was STG. Due to the high plasticity of the soft
STG substrate, the final c-STG could be easily shaped into
different structures. As shown in Fig. 1f, the c-STG can be
continuously extruded from an elliptical nozzle with a flat
noodle shape. Cylindrical strings were ejected from the circular
nozzle, thus the c-STG showed a high potential in 3D-printing
(Fig. 1g). Moreover, the extruded c-STG could wrap and adhere
to a glass rod (Fig. 1h) as well as form a woven fabric (Fig. 1i).
The cross section of the extrudate was dependent on the shape
of the extruder nozzle. Interestingly, c-STG could be reshaped
into a leaf or a butterfly with different molds (Fig. 1j and k).
Therefore, c-STG potentially could be used for application in
wearable and shapeable electronic devices due to its softness
and moldability.

Due to the presence of conductive CNTs, the final c-STG was
conductive, and its conductivity was dependent on the mass
fraction of CNTs. The resistivity of c-STG decreased with the
increase in the CNT content (Fig. 2a). When the mass fraction
of CNTs was 0.5 wt%, the resistivity of c-STG was 1.72 � 108 O m.
However, if the CNT content increased to 1 wt%, the resistivity
drastically decreased to 1.87 � 103 O m. Besides, when the mass
fraction of CNTs further increased to 2%, 3%, and 4%, the

resistivity decreased to 6.43 O m, 0.72 O m and 0.56 O m,
respectively. As shown in Fig. 2a, the percolation threshold of
c-STG was between 0.5 wt% and 1 wt%, and the resistivity of c-STG
was stable above 2 wt%. In this study, the high conductivity of
c-STG was very important, so the c-STG with 2 wt% CNTs was
chosen as the optimum sample for the following preparation of
the c-STG@PDMS cable.

Owing to the rate-dependent characteristic inherited from
the STG, the c-STG also exhibited a typical shear thickening
behavior (Fig. 2b). For the pure STG, when the shear frequency
was kept at 0.1 Hz, the initial storage modulus (Gmin

0) was low
(67 Pa), presenting a soft viscosity state. As soon as the shear
frequency reached 100 Hz, the maximum storage modulus
(Gmax

0) increased by 4 orders of magnitude (5.2 � 105 Pa),
exhibiting the typical shear thickening (ST) effect. Here, due to
the particle-strengthening effect42 of CNTs, c-STG became
stiffer than STG; thus, Gmin

0 of c-STG-1% increased to 3579 Pa.
G0 and G00 increased with the increasing CNT content in c-STG.
In the meantime, the loss coefficient d of c-STG decreased
compared to those of the pure STG (Fig. S1, ESI†), indicating
that the incorporation of CNTs strengthened the mechanical
properties of STG and prevented the cold-flow phenomenon to
a certain degree.43 However, the c-STG still exhibited the cold-
flow behavior under gravity, and its shape could not be main-
tained for a long time.

Fig. 2 (a) Resistivity as a function of CNT content of c-STG; Rheological
properties of the c-STG@PDMS cable: (b) the storage modulus of STG with
different mass ratios of CNTs, 0 wt%, 1 wt%, 2 wt%, and 3 wt%; (c) the
stretch force–strain curves of the c-STG@PDMS cable and PDMS;
(d) extended standard linear solid model with an element produced by the
logarithmic creep of CNTs and a spring by PDMS; (e and f) mechanical and
electrical relaxation of the c-STG@PDMS cable under 10% compressive strain.
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In this study, the elastic PDMS layer covered the c-STG and
the c-STG@PDMS viscoelastic coupling cable was obtained. Fig. 2c
depicts the force–strain curve of the c-STG@PDMS, indicating that
the cable exhibits good stretchability. The fracture strain of the
cable and the PDMS was 151% and 92%, respectively.

Compared to the pure PDMS, the c-STG@PDMS cable
exhibited better malleability. A sustaining compression strain
was applied to the c-STG@PDMS cable to investigate the self-
adapted properties, and the experiment was carried out via
a loading–holding process. The resistance and the pressure
of the cable increased immediately under the strain. Here, the
equation

DR/R0 = (R � R0)/R0 (1)

defined the relative resistance change to characterize the
mechano-electrical properties. During the holding process,
the stress instantaneously decreased from 0.955 MPa to
0.375 MPa and the resistance kept decreasing with time,
eventually recovering back to the initial value (Fig. 2e and f). In
addition to the improved mechanical properties, this c-STG@PDMS
viscoelastic coupling cable exhibited an exciting self-adapted
conductivity.

Both the mechanical and electrical properties of the
c-STG@PDMS cable were critical for its practical application.
The standard linear solid (SLS) model is favorable to describe
the viscoelastic behavior34,44 and the logarithmic creep45 was
found in the relaxation test of CNTs. Therefore, in order to

understand the mechanical and electrical relaxation, an
extended SLS model simultaneously taking into account the
elasticity of the PDMS shell and the influence of CNTs was
proposed (Fig. 2d). According to Rod Cross,44 the force of STG
under constant compression is determined by

F = (E2 + E1e�t/t)x, (2)

where E1 and E2 are the elastic moduli which are related with
the G0 and G00 of c-STG,34 respectively, t = Z/E1, Z is the viscosity,
and x is the constant compression displacement. By adding a
logarithmic term, the stress of the c-STG@PDMS cable was
obtained by the following equation.

s = Ae�t/t + B log(t) + C (3)

The first exponential term represents the time-dependent
viscoelastic influence of STG. The second term was produced
by the logarithmic creep of CNTs. The last constant corre-
sponded to the elastic part. A, B, and C are associated with
the structure of the cable. The stress relaxation data was fitted
well using eqn (2). On the other hand, the resistance which was
in accordance with result of Boland’s theory.34

DR/R0 p t�n (4)

As shown in Fig. 2f, the exponent n was approximately �0.019
in this study. When the compression strain was applied, the
c-STG@PDMS cable was squished. Due to the plastic characteristic
of the STG, the loading force decayed quickly and the elastic PDMS

Fig. 3 (a) The resistance changes vs. the applied pressure and (b) the cycling performance under 375 kPa and 12.5 kPa. (c) The linear fitting plot of the
electrical response to stretch stimuli and (d) the results of 0.5% and 35% stretch strains. (e) Bending test with MTS, (f) the resistance response to different
bending angles, and (g) the fitting curve of DR/R0 vs. bending angle. (h) Photo of the twisting test and (i) the relative resistance change during the cyclic
twist tests with different twisting angles.
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shell contributed to the residual force. The soft STG relaxed
easily, causing a drastic decrease in the force. The elastic PDMS
caused the residual stress under compression. After unloading,
the elastic PDMS forced the c-STG to take the initial shape and
its conductivity re-covered.

Static mechano-electrical performance of the c-STG@PDMS
cable

The static mechano-electrical performance of the c-STG@PDMS
cable under the external stimuli (compression and stretch) was
systematically investigated (Fig. 3a–d). Under external stimuli,
the resistance of the c-STG@PDMS, which originated from the
c-STG, increased due to the breakage of the conductive net.
As shown in Fig. 3a, the relative resistance change in the
c-STG@PDMS cable varied with the applied compression, and
the peak value of DR/R0 increased with the increasing pressure.
The cyclic tests conducted under the highest pressure (375 kPa)
and very low pressure (12.5 kPa) are shown in Fig. 3b. The
resistance increased as the pressure was applied and decreased
with the unloading process. During the loading–unloading
cycles, the cable showed excellent sensitivity and steady
response to external stimuli. Meanwhile, DR/R0 of the cable
presented a nearly linear dependency on the stretch strain
amplitude when the strain was relatively low (Fig. 3c). The
gauge factor ( g = DR/R0/e) of the stretch experiment was around
1.18. Besides, the same tests were conducted with the c-STG-
1%, and the strain rate showed the same effect on the gauge
factor when the strain rate of the stimuli was below the critical
rate of the shear thickening (Fig. S2 and S3, ESI†). The cyclic
sensing performance with a stretch of 35% and 0.5% is
displayed in Fig. 3d, indicating that the c-STG@PDMS cable
possessed mechano-electrical stability.

Similarly, the electrical properties of the c-STG@PDMS cable
during the bending test were studied. The bending angle was
defined as shown in Fig. 3e. Resistance increased during the
loading process and recovered to the initial value after unloading.
The peak value of DR/R0 increased with the decrease in the
bending angle (Fig. 3f). When the bending angle decreased from
1401 to 791, the peak value of DR/R0 increased from 0.71% to
3.54%, respectively. The fitting curve of DR/R0 vs. the bending
angle (Fig. 3g) revealed that DR/R0 was almost linearly dependent
on the bending angle. The electrical response of the c-STG@PDMS
cable at different twist degrees was also explored (Fig. 3h and i). As
the torsion angle varied from 901 to 1801 to 3601, the peak values of
DR/R0 increased from 0.75% to 2.2% to 7.5%, respectively. During
the loading and unloading cycle, the sample showed a stable and
repeatable response to torsion. Therefore, the c-STG@PDMS cable
exhibited excellent mechano-electrical performance under various
conditions and could be further used as a sensor to detect the
external static stimuli.

The dynamic mechano-electrical properties and the
safeguarding performance of the c-STG@PDMS cable under
impact

Due to the rate-dependent shear thickening characteristic of
the c-STG, the electrical and mechanical properties of the

c-STG@PDMS cable exhibited a unique response to the
dynamic impact. The impact test was performed on the cable
by using the drop hammer machine with a 0.24 kg impactor.
The falling height varied from 5 to 20 cm. The cable was fixed
on the force transducer, which was further placed on the
bottom of a metal pedestal. As a comparison, pure PDMS
(curing agent ratio 10 : 1) specimens (the same size as the
c-STG@PDMS cable) and the metal pedestal without specimens
were both tested. During the impact, the force signals were
captured by the force transducer and recorded using an oscillo-
scope. The electrical data were simultaneously saved by elec-
trical impedance spectroscopy (EIS) system. The fall height of
the impactor varied from 5 cm to 20 cm, and the peak value of
DR/R0 increased from 558% to 1438%, respectively. The
increase in the drop height led to the rise of DR/R0 (Fig. 4a).
According to Boland’s theory,34

DR/R0 p (Emgh)k, (5)

where the impact energy Emgh (Emgh = mgh) is proportional to the
drop mass (m) and drop height (h) and k is a constant,
dependent on the conductive polymer characteristics. After
fitting the data (Fig. 4b), it was found that k = 0.64 in this case.

Fig. 4c–f shows the force response to drop hammer impact
(0.24 kg) exerted from different heights. As the drop hammer
struck the force transducer, the impact force started to increase
to the maximum value and attenuated to 0 before the hammer
bounced back. Apparently, the higher impact energy led to the

Fig. 4 Dynamic stimuli sensing performance: (a) electrical sensing
response versus dropping height and (b) the fitting curve of peak DR/R0

versus impact energy. (c–f) Impact energy dissipation behavior of tubular
cable compared to that of PDMS and metal pedestal at 5–20 cm.
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larger force transmitted to the force transducer. Therefore,
more damage was caused to the conductive network inside
the c-STG, leading to an increase in the peak DR/R0 value
(Fig. 4a and b).

Keeping the height at 10 cm (Fig. 4d), as soon as the drop
hammer struck the rare force sensor, the loading force
increased to the maximum value (737.4 N) and decayed to 0
within 0.5 ms. However, the maximum force of PDMS (299.7 N)
was only 40.6% of the pedestal (737.4 N). The same phenomena
were demonstrated for other heights (Fig. 4c–f). Thus, PDMS
was capable of buffering the impact force. More importantly,
the peak force of the c-STG@PDMS cable was further decreased
to 217 N, which was reduced by 70.5% compared to that of the
metal pedestal (737.4 N). Clearly, the c-STG@PDMS cable
showed the best energy adsorption. Owing to the ST property,
the cable offered the optimal buffering effect by absorbing
most of the impact energy. In conclusion, the cable not only
showed anti-impact properties but also monitored the number
of impacts.

Self-adapted sensing and self-healing performance of the
c-STG@PDMS cable

Due to the plastic characteristic, STG could adjust its state to
external conditions and showed self-healing during its applica-
tion. After coating with PDMS, the final c-STG@PDMS cable
displayed unique viscoelastic coupling behavior and mechano-
electrical properties, exhibiting high potential for wearable
sensor applications. In this study, the self-adapted resistance
and self-healing properties of the c-STG@PDMS cable were
explored.

Firstly, the cyclic bending–holding–unloading experiment
was carried out to investigate the self-adapted sensing behavior
of the c-STG@PDMS cable. Different from the previously
reported elastic sensors, the c-STG@PDMS cable can sense
the external stimuli as soon as the loading occurs, while its
resistance decays to the initial state under a sustained bending
deformation. This type of special self-adapted resistance was
studied by conducting the bending–holding–unloading experi-
ment with the bending angles varying from 1401 to 791.
As shown in Fig. 5a, the resistance varied over time during
the bending–holding–releasing process under different bend-
ing angles.

The resistance reached its peak value after the loading and
then decreased to the initial value during the holding process.
After releasing the bending deformation, the resistance
increased first and finally returned to the original value. The
resistance decreased during the holding process in both
compression and bending experiments. This phenomenon
indicated that the flexible cable could automatically adjust its
resistance to the initial value under the sustained pressure and
bend. Interestingly, the resistance increased both at the initial
and the final loading. This response was similar to that of the
rapidly adapting receptors in human skin.46,47 Thus, due to the
unique rapid adapting property, the cable showed the potential
application in artificial human skin and robots. Moreover, the
trend of peak values of the DR/R0 with different bending angles

was similar to that in the previous bending experiment, show-
ing an approximately linear relationship with the bending
angle (Fig. 5b).

To further investigate the resistance recovery performance of
the c-STG@PDMS cable, the sensing test was conducted on a
curved surface, such as a cup. The cable was lying flat at first
(Fig. 5c-i), and the electric signals were stable at about 3400 O.
Then, the cable was attached to the curved surface of the cup
(Fig. 5c-ii) and the resistance increased when the cable began to
bend. Then, the resistance decreased after the cable was
attached to the cup (Fig. 5c-iii). The recovery time for the
resistance to 3400 O was 140 s, which indicated that the tubular
sensor could adjust itself to the curve surface very quickly.
Finally, the resistance of the cable was stable and the cable
could detect gentle touch and press (Fig. 5c-iv), exhibiting
excellent sensing performance after the self-adaptation process.
Moreover, when the cable was removed from the surface of
the cup (Fig. 5c-ii), the resistance first increased and then
decreased to its initial value (Fig. 5c-i), showing a good
recycling property. The first and the last peak of resistance
were caused by the movement while attaching and removing
the cable. Actually, this unusual sensing property originates
from the plastic nature of the c-STG, which will be widely
applied in the irregular and complicated structure with an
uneven surface. The wonderful cyclability also enables its
promising application in the detection of the external stimuli
due to self-adapted electric properties.

Due to the gel-like characteristic of the STG, the c-STG@PDMS
cable exhibited electrical self-healing. A demonstrative experiment
was conducted with a closed loop circuit, including an LED bulb, a

Fig. 5 (a) DR/R0 at different bending angles during the bending–holding–
releasing process, (b) variation of DR/R0 as a function of bending angle during
the bending process, (c) the sensing performance after sticking to the curved
surface of a cup and (d) the electrical resistance change at different stages.
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cell, and conductive wires (Fig. 6a). The LED bulb lighted up when
an intact c-STG@PDMS cable was connected to the circuit. As the
cable was cut off, the LED bulb extinguished because of the open
circuit. Interestingly, the LED bulb lighted up again after the cut
section of the cable was reattached. The real-time electrical signal
of this cut-heal process was recorded (Fig. 6b). During the self-
healing process, the resistance of the circuit quickly returned to its
initial state, which clearly demonstrated the self-healing electrical
property of the c-STG@PDMS cable. In this case, because the
c-STG was viscoelastic, the self-healing electrical behavior may
have been induced by mechanical self-healing. Once the cut cable
sections were put together, they reconnected due to the plastic
STG, and thus a loop circuit was formed again. The mechanical
and electrical self-healing characteristics endowed the
c-STG@PDMS cable with recycling ability and a longer lifespan.

Mechano-electrical coupling mechanism of the c-STG@PDMS
cable

In this study, the c-STG@PDMS cable was found to exhibit a
special viscoelastic coupling mechanical behavior. Thus, it

Fig. 6 (a) Digital photographs of the healing process for a conductive
tubular cable in series with an LED and a battery; (b) time evolution of the
electrical healing process by reattaching the cables at room temperature.

Fig. 7 (a) Mechanism of the rate-dependent behavior of the STG, (b) the movement of the CNTs inside the STG varied with the movement of the
polymer chains, (c) the c-STG@PDMS cable during the loading-holding process and (d) conductive network under external stimuli.
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exhibited a unique mechano-electrical sensing ability, self-
adapted resistance, mechanical self-healing property, and
anti-impact performance. A schematic illustration depicting
the mechanism of the mechano-electrical coupling sensing
behavior of the c-STG@PDMS cable is presented in Fig. 7a.
Similar to the previous report,41 owing to the electron-deficient
p orbital of the B atoms and redundant electrons in the orbital
of O atoms, dynamic B–O cross bonds were formed in STG with
rate-dependent mechanical characteristic. Because the cross
bonds were transient and dynamically variable, weaker than the
covalent bonds, a three-dimensional network was formed in the
STG by connecting the polymer molecular chains via these
cross bonds. At a low strain rate, these cross bonds relaxed
and disconnected easily, and the relatively stable three-
dimensional network disentangled to mobile molecular chains,
exhibiting internal mobility. In this case, the STG was soft and
plastic with a low storage modulus. However, under high strain
rate, the cross bonds could not adjust to the fast dynamic strain
rate in time. The disentanglement of the network was unable to
keep pace with the strain rate, so the cross bonds caused a
significant increment in the storage modulus.

The transformation from the plastic to the solid state
exhibited the shear thickening effect. In this study, the c-STG
also exhibited the typical shear thickening behavior, and the
initial storage modulus of the c-STG was increased due to
the presence of CNTs. The c-STG exhibited a typical plastic
behavior; thus, it could not return to its initial state after
deformation. Once the c-STG@PDMS cable was deformed, the
soft inner c-STG was forced back to the initial state by the
immediate resilience of the outer elastic PDMS. Therefore,
the c-STG@PDMS cable possessed both shear thickening and
viscoelastic coupling properties.

Besides increasing the stiffness, the CNTs in the STG also
provided the mechano-electrical property because they could
form conductive networks in the polymer matrix. When the gap
between conductive CNTs was small, the quantum tunneling
effect occured and the c-STG became conductive. The change in
the electrical resistance was mainly controlled by three factors:
the gaps between conductive fillers, the evolution of the
conductive paths, and the tendency of fillers to move.48,49

Respectively, the decrease in the gaps, the reformation of the
conductive paths, and the incorporation of individual fillers
into the conductive paths contributed to the decrement of
electrical resistance. On the contrary, the resistance increased
due to the destruction of the conductive paths. When the
loading rate was low, the c-STG was plastic, and hence the
polymer molecular chains moved easily, driving the movement
of CNTs (Fig. 7b) to form the conductive network. Thus,
the electrical resistance recovered with the formation of the
conductive network. Besides, the electrical resistance of the
c-STG@PDMS cable increased with the deformation because
the three-dimensional conductive network was destroyed during
the loading (such as bending, stretching, pressing, and twisting).
After the loadings were released, the conductive network
reformed and then the resistance decreased with time. More-
over, further deformation led to additional destruction of the

conductive network, and the peak value of DR/R0 simultaneously
increased.

The self-adapted phenomenon of the c-STG@PDMS cable, of
which the resistance decreased under sustaining loading, was
responsible for resistance relaxation (Fig. 7c and d).50 In the
bending–holding–releasing experiment, different bending
angles were applied to the c-STG@PDMS cable and the
resistance dropped during the holding process. Owing to the
plasticity of STG, the polymer segments kept moving under
fixed loading, and the CNTs moved with the movement of the
polymer molecular chains.50,51 The conductive paths were
reconstructed gradually with the movement of the polymer
segments, leading to decreased resistance (Fig. 7d). Therefore,
the resistance decreased as the c-STG in the c-STG@PDMS
cable relaxed. Then, the cable was released to return to its
original state, and the resistance increased to another peak
value again. The unloading process as well as the loading
process were sudden macroscopic deformations, which caused
sudden breaks in the conductive paths, leading to the ‘‘rapid
adapting’’ behavior. In conclusion, the formation effect was
dominant during the holding and post-releasing period,
decreasing the resistance. The destruction effect played the
leading role during the bending and pre-releasing period,
increasing the resistance.

Different from the previous polymer-based sensors, the
c-STG possessed the typical energy adsorption advantage; thus,
it had a dynamic impact. Under the high rate or energy impact,
the c-STG in the c-STG@PDMS cable transformed from gel to
elastic state, and this change caused a sharp increase in the
resistance. The relative DR/R0 value increased with the impact.
Thus, the c-STG@PDMS cable could be further used for detect-
ing the dynamic impact. After the impact was unloaded, the
c-STG re-covered to the initial state by both gel relaxing and
PDMS confining. Moreover, the self-healing characteristic of
the c-STG@PDMS cable must be addressed for the formation of
the dynamic B–O cross bonds in the c-STG. After re-connecting
the cut c-STG@PDMS cable, the two compatible parts were
bonded together and numerous new B–O cross bonds were
formed simultaneously. During the following relaxing process,
CNTs of the broken conductive networks start to bridge
together owing to the movement of polymer molecular chains.
Finally, the electrical resistance returned to the initial state.

Applications of the c-STG@PDMS cable

The flexible c-STG@PDMS cable was able to detect various
stimuli with high sensitivity and stability. Therefore, it could
be attached to the human body as a wearable sensor to monitor
the human body motions. The cable was attached to different
joints of the human body, such as the finger, elbow, and knee.
The cable was attached to the external surface of the index
finger (Fig. 8a), and the change in the electric signals corres-
ponding to the different movements was recorded (Fig. 8c). As
the index finger moved from I to V, DR/R0 changed from 1.05%
to 14.02%. When the monitoring target was changed to the
elbow, the bending angle changed (Fig. 8b). Clearly, the trend
for the change of DR/R0 was similar to that of the index finger.
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When the elbow bending angle was varied from 301 to 1151, the
peak value of DR/R0 increased from 0.76% to 9.74% (Fig. 8d).
The motions of the knee, such as walking, jumping and
squatting, were also investigated by attaching the cable to the
knee (Fig. 8e–g). The peak value of DR/R0 for the different
movements such as walking, jumping and squatting was 2.0%,
3.4%, 27.8%, respectively. The different electric responses of
the human motions demonstrated the high sensitivity and the
stable output signals of under repeated cycling deformations
suggested the reliability and stability. Based on the above
analysis, it can be concluded that the c-STG@PDMS cable
exhibited a promising potential in wearable electrical devices
for human motion detection.

As the inner part of the c-STG@PDMS cable was adhesive
and could be molded easily at a low loading rate, it could be
attached to a fabric as a wearable electric device. For example,
four linear c-STG strings were placed on the surface of Kevlar
fabric end to end, forming a square closed loop, and four
copper wires were inserted into the four vertices of the c-STG
square. A thin layer of PDMS covered the surface. As shown in
Fig. 9a and c, the c-STG square loop was sealed between Kevlar
fabric and PDMS. The obtained Kevlar-c-STG-PDMS was tested
via the electric signal output of four copper wires when pres-
sure was applied to different positions, including vertices and
the middle of the sides of the c-STG square. Here, the resistance
of one c-STG side and vertex under pressure were studied.
Fig. 9b shows the schematic illustration of the circuit of
the square loop structure inside the Kevlar-c-STG-PDMS. The
resistance between A and B was defined as RAB and the defini-
tions of the rest were similar. Once a force of 0.3 N was applied
to point A by MTS, RAB and RDA increased compared to RBC and
RCD (Fig. 9e). Similarly, when the same force was applied to the
medium of the line AB, only RAB showed a relative increase
(Fig. 9f). This result indicated that the array structure was
capable of detecting the loading position and could be used
as a wearable electrical skin device. Since the c-STG could be
easily adhered to the fabric and encapsulated by PDMS, this

c-STG arrays on the Kevlar fabric can be varied by changing the
distribution of the c-STG string, as shown in Fig. 9d. As a result,
the c-STG-PDMS shows potential in forming different structures
and exhibits broad applications in wearable electric sensors.

Experimental
Materials

Hydroxyl silicone oil and boric acid were purchased from
Sinopharm Chemical Reagent Co. Ltd, Shanghai, China. CNTs
with a diameter of 8–15 nm and length of 3–12 mm were
provided by Conductive Materials of Luelida Co. Ltd, Xinxiang
City, Henan Province, China. The PDMS precursor and the
curing agent (Sylgard 184) were purchased from Dow Corning
GmbH, USA. All chemical reagents were of analytical purity and
used as received without further purification.

Fabrication of c-STG

Hydroxyl silicone oil and boric acid with a weight ratio of 20 : 1
and varying amounts of CNTs were vigorously stirred to yield a
homogeneous mixture. After heating in a 180 1C oven for
90 min, few drops of octanoic acid were added. Then, the mixture
was stirred and heated at 180 1C for another 30 min. After cooling
to room temperature, the mixture was homogenized by the two-
roll mill (Taihu Rubber Machinery Inc., China, model XK-160).

Fig. 8 Human motions monitored by c-STG@PDMS cable: (a and b)
photos of the c-STG@PDMS cable attached to the index finger and the
elbow and (c and d) corresponding DR/R0 changes; (e–g) DR/R0 changes
during walking, jumping and squatting.

Fig. 9 (a) Schematic illustration of Kevlar-c-STG-PDMS and (b) the circuit
of the composite; (c) a digital photograph of the Kevlar-c-STG-PDMS and
(d) the array composite; distribution of the resistance of the Kevlar-c-STG-
PDMS composite under pressure at different positions, (e) corresponding
to the pressure from A point, (f) corresponding to the pressure along
line AB.
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Preparation of c-STG@PDMS

Firstly, the precursor and the curing agent of PDMS (Dow
Corning GmbH, USA) were mixed in a 10 : 1 weight ratio.
A thin layer of the uniform mixture was cured in an oven at
90 1C for 5 min. Secondly, the linear shape of c-STG was
extruded by using a syringe. The c-STG string was paved on
the PDMS substrate and both sides were connected with copper
wires. After this ‘‘printing process’’, the PDMS mixture was
poured onto the c-STG string. Then, the as-prepared sample
was heated at 90 1C for 15 min. After the PDMS was completely
cured, the linear c-STG string encapsulated by PDMS and a
cable-like product was obtained. The Kevlar-c-STG-PDMS sample
was fabricated in a similar way. The bottom PDMS substrate was
replaced with the Kevlar. Besides, the inner c-STG turned into
four strings connected end to end and every junction was
connected with a copper wire.

Characterization

The morphology of CNTs and c-STG was characterized by field
emission scanning electron microscopy (FE-SEM, XL30 ESEM).
The rheological properties of STG and c-STG were tested by a
commercial rheometer (Physica MCR 302, Anton Paar Co.,
Austria). Cylindrical samples with a thickness of 1 mm and a
diameter of 20 mm were tested between a parallel plate
(diameter: 20 mm) with the shear frequency exponentially
increasing from 0.1 Hz to 100 Hz and the strain amplitude
was set at 0.1%. The static stimuli experiment (stretching,
compressing, and bending) was conducted on a universal test
machine (MTS criterion 43, MTS System Co., America). The
electrochemical impedance spectra (EIS) system, including
modulab material test systems, data storage, and an analysis
system, were simultaneously utilized to test and record the
electrical data. The dynamic impact test was performed using a
drop hammer test device (ZCJ1302-A, MTS System Co., America)
equipped with a force sensor and a data acquisition system.

Conclusions

In this study, a flexible wearable c-STG@PDMS cable with self-
adapted properties was developed by wrapping the c-STG string
with a PDMS shell. The cable exhibited excellent sensing
performance and a steady response to static stimuli, such as
bending, twisting, stretching and pressing deformations. On
the other hand, owing to the ST property of the inner c-STG, the
cable could respond to dynamic impact stimuli and buffer the
impact force by approximately 70%, indicating that the cable
could be utilized as a sensor with safeguarding performance.
More importantly, the cable exhibited the self-adapted electrical
capability. As a novel visco-elastic coupling sensor, it can adjust
itself to the external environment when attached to an uneven
surface. In our experiment, the c-STG@PDMS cable showed stable
and repeatable responses to finger and elbow bending at different
angles and the movement of the legs (walking, jumping and
squatting). This flexible cable with high sensitivity could be further
applied in wearable devices to monitor body motions and

simultaneously detect external stimuli. Besides, the Kevlar-c-
STG-PDMS composite showed excellent sensing performance
by detecting the distribution of external stimuli. Finally, it was
found that this type of soft sensor has broad potential in the
coming-generation wearable electric devices.
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