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Abstract: As an indispensable part of wearable devices and mechanical arms, stretchable conductors
have received extensive attention in recent years. The design of a high-dynamic-stability, stretchable
conductor is the key technology to ensure the normal transmission of electrical signals and electrical
energy of wearable devices under large mechanical deformation, which has always been an important
research topic domestically and abroad. In this paper, a stretchable conductor with a linear bunch
structure is designed and prepared by combining numerical modeling and simulation with 3D
printing technology. The stretchable conductor consists of a 3D-printed bunch-structured equiwall
elastic insulating resin tube and internally filled free-deformable liquid metal. This conductor has
a very high conductivity exceeding 104 S cm−1, good stretchability with an elongation at break
exceeding 50%, and great tensile stability, with a relative change in resistance of only about 1% at 50%
tensile strain. Finally, this paper demonstrates it as a headphone cable (transmitting electrical signals)
and a mobile phone charging wire (transmitting electrical energy), which proves its good mechanical
and electrical properties and shows good application potential.

Keywords: liquid metal; stretchable conductor; 3D printing; high dynamic stability; wearable devices

1. Introduction

Flexible electronic devices have mechanical properties that traditional devices do not
have, such as bendability [1–3], foldability [4–6] and stretchability [7–9], and are widely
used in healthcare [10,11], medicine [12,13], and soft robots [14–16]. Stretchable conductors,
as the basic components of flexible electronic devices, have always been a hot topic of
research. Compared with traditional rigid conductors, stretchable conductors have more
deformability, which greatly expands the applications of wearable devices, and saves a lot
of wiring space for robotic arms [17]. Stretchable conductors maintain stable conductivity
under large deformation, that is, high dynamic stability, which is crucial for the stable
operation of devices such as robotic arms and wearable electronics devices. In order to
fully reflect the advantages of stretchable conductors, it is necessary to have both high
stretchability and stable conductivity [18].

As a key component of flexible electronic devices, stretchable conductors are usually re-
alized by the structure or material [19–24]. Structure-based stretchable conductors are one of
the most widely used methods to achieve scalable interconnections. Some non-stretchable
conductive materials are designed as serpentine [25], mesh [26,27], cracks [28–30], and
longitudinal waves [31,32]. However, high stretchability usually requires more com-
plex patterns, which increases the wire resistance and process complexity. In terms of
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materials, conductive composites are mainly prepared by using polymers that are in-
herently conductive or mixing conductive materials into elastomers. For example, poly
(3,4-ethyldioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) is intrinsically conductive.
The modified PEDOT:PSS film has more than 50% mechanical stretchability and more than
1000 S cm−1 of conductivity [33]. Despite this, intrinsically conductive polymers have
disadvantages such as high cost and poor stability [34]. In addition, conductive networks
can also be provided by mixing conductive materials in elastic polymers, such as metal
nanowires [35,36], graphene [37,38], carbon nanotubes [39,40], and liquid metals [41]. This
polymer composite material allows the manufacture of flexible and scalable conductors
through a simple mixing process. However, it is difficult for this conductive composite
material to maintain a stable resistance during deformation, and in repeated deformation,
due to the mutual extrusion of conductive materials or the disconnection of the conduc-
tive path. These shortcomings limit the practical application of conductive composites as
stretchable conductors [42].

Some researchers have achieved relatively stable resistance changes during stretching
by constructing a three-dimensional network of conductive materials. For example, Gao
et al. reported a stretchable conductor inspired by the maple leaf shape. A prestrain
finishing method was used to make the surface of the conductive polypyrrole coating a
layered wrinkle structure, so the resistance change was 66% under 600% stretching and
its conductivity was 100 S m−1 [43]. Zhang et al. formed a three-dimensional conductive
network by welding carbon nanotubes, and then packaged it with PDMS. The resistance
change was about 5% and the conductivity was about 132 S m−1 under 90% stretching [44].
Hong et al. used the bimodal porous structure made of silver nanowires. At 40% strain,
the resistance change was 8% and the conductivity was 42 S cm−1 [45]. Nevertheless, most
of the reported stretchable conductors have electrical degradation or a conductivity that
cannot meet the requirements of practical applications, and the preparation process is
complicated so cannot be prepared in batches.

There are other examples of stretchable conductors by using intrinsically flexible liquid
metal. Liang et al. filled liquid metal into a porous sponge made of elastomers, the maxi-
mum conductivity could reach 10,000 S cm−1, and the resistance change was about 10%
at 50% stretch, but it required a large liquid metal consumption and was not easy to pack-
age [46]. Ning et al. improved its mechanical properties by mixing liquid metal and elastic
matrix PUS and using PDMS for encapsulation. The conductivity was 478 S cm−1, and the
resistance change was about 2% at 50% stretch [47]. This highly loaded composite material
is prone to liquid metal leakage after multiple stretching and the comparably low conduc-
tivity is also problematic. Injecting liquid metal into the elastomer channel also makes it
possible to prepare high-conductivity stretchable conductors, but the complex preparation
process and the great resistance change after stretching are problematic. It is also difficult to
obtain high conductivity by mixing with materials, because it is difficult for micron-sized
liquid metal droplets with low aspect ratio to form a dense conductive network.

In this paper, to develop the next generation of wearable flexible electronic devices
and improve the efficiency of expensive liquid metals, an innovative linear bunch three-
dimensional conductive structure is proposed to achieve stable resistance change within a
certain strain range. Stretchable conductors with high dynamic stability are fabricated by
designing strain-insensitive elastomeric channels that can be prepared in batches through
the 3D printing technology developed in recent years. Liquid metal is selected as the
conductive filler of a three-dimensional conductive structure. Because of its inherent de-
formability and good conductivity, it can respond to external stress and undergo reversible
deformation without any hysteresis or mechanical degradation, which avoids the phe-
nomenon of electrical degradation during repeated stretching. The results show that the
liquid-metal-based stretchable conductor with a linear bunch three-dimensional conductive
network has an excellent conductivity of up to 10,000 S cm−1, and the elongation at break is
greater than 50%. More importantly, it has an excellent dynamic stability during stretching.
At 50% tensile strain, the relative resistance change (∆R/R0) is only about 1%, which shows
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great prospects as a high-performance stretchable conductor and is of great significance to
the development of flexible electronic devices. In subsequent practical application testing,
as an elastic headphone line, it has an excellent electrical signal transmission capability
and has little effect on the music signal after stretching 50%. As an elastic charging line for
mobile phones, it still transmits power stably under dynamic stretching.

2. Materials and Methods
2.1. Materials

Photocurable resin Agilus30 (Stratasys, Eden Prairie, MN, USA), high-purity metal
gallium (99.99%; Beijing Founde Star Sci. & Technol. Co., Ltd., Beijing, China), and indium
(99.995%; Beijing Founde Star Sci. & Technol. Co., Ltd.) were used. The extra reagents
utilized in the experiment were altogether gained from Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China.

2.2. Preparation Process

The linear bunch structure was fabricated using a photocuring 3D printer (AUTOCERA-
L, Beijing Shiwei Technology Co., Ltd., Beijing, China). The elastic resin Agilus30 was used
for molding, the molded sample was then placed in a beaker filled with alcohol, and the
ultrasonic machine was used to ultrasound at 25 kHz and 25 ◦C for 10 min. The object after
cleaning was put into the oven for drying for 5 min, and then the sample was post-cured
for 20 min by a UV curing machine. After curing completely, the bracket was removed.
We mixed gallium and indium in a mass ratio of 3:1, then heated the mixture in a water
bath at 60 ◦C and stirred for 30 min to obtain a liquid metal (gallium indium alloy). A
syringe was used to fill the liquid metal with a bunch-structured conductive network, and
the elastic resin Agilus30 was used at both ends to fix the copper sheet and seal the port for
easy testing.

2.3. Young’s Modulus

The Young’s modulus of the elastic resin Agilus30 was determined by tensile testing.
Standard stretch parts were made using a 3D printer, and the sample was secured on a
stretching machine (Instron 5943, Norwood, MA, USA) with an initial length of 2 cm. The
sample was stretched at a rate of 50 mm min−1, and the obtained stress–strain curve was
linearly fitted to confirm that the slope was Young’s modulus.

2.4. Computational Simulations

COMSOL Multiphysics 6.0 was used for finite element simulation. The Yeoh model
in hyperelastic materials was used for simulation experiments, the measured material
parameters were input, and the density of the material was set to 970 kg m−3. As liquid
metal is fluid, it is necessary to adopt a multi-physical field of fluid–solid coupling. In
the simulation, one end of the sample was fixed and the other end was stretched. As the
stretching proceeded, the shape of the sample changed. The electrical module recorded the
change in resistance according to the formula R = ρL S−1 of resistance.

2.5. Mechanical Features

The basic mechanical properties such as the strain and strength of the printed linear-
bunch-structured stretchable conductor were tested by a stretcher (Instron 5943).

2.6. Electrical Characteristics

The resistance was measured using the DC current source (Keithley 6221, Cleveland,
OH, USA) and the nanovoltmeter (Agilent 34420A, Santa Clara, CA, USA) by the four-wire
method. The copper sheets at both ends of the sample were connected to the current source
and voltmeter, and the data acquisition system was used to observe the resistance change
of the linear-bunch-structured stretchable conductor under the stretching of the stretching
machine (Instron 5943).
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2.7. Making a Headphone Cable

Part of the earphone cable was replaced with the prepared sample so that the two ends
of the earphone wire were bonded to both ends of the sample by light-curing resin, and a
stretchable earphone cable was obtained. To test the voltage waveform, an oscilloscope
(710 110/DLM2024, Yokogawa, Tokyo, Japan) was connected in parallel with a speaker to
record the music signal.

3. Results
3.1. Structural Design

Figure 1a shows the three strain-insensitive structures designed in this paper, and the
three shapes are numbered as 1, 2, and 3. When the structure with uneven thickness is
stretched, the deformation squeezes the liquid metal in the coarse position so that the fine
position is supplemented, which may retain the overall resistance in a relatively stable state
during the stretching process. Taking shape 2 as an example, the structural parameters
that control its shape are analyzed. The coarse local radius is set to the outer diameter,
the fine position is set to the inner diameter, and the distance between the two adjacent
inner diameters is set to the length, as shown in Figure 1b. Then, a comparative analysis
of the designed structures is conducted to select the most strain-insensitive structure
for subsequent analysis. Therefore, an orthogonal test table (Table S1) with four factors
and three levels is designed. The shape and structural parameters of the outer diameter,
inner diameter, and length are listed as the factors affecting the relative resistance change
after stretching. Each factor is given three values. The relative resistance change of the
stretchable conductor after 50% stretching in the orthogonal experiment is calculated by
the finite element method. Figure 1c shows the estimated marginal mean of each factor.
Its role is to control the results of each independent variable to predict the average of
the dependent variables when other variables remain unchanged. It is usually used in
multivariate analysis. When the estimated marginal mean is lower, the value of ∆R is
smaller. It can be seen from the figure that the three-dimensional conductive network
structure of shape 2 maintains a more stable resistance during stretching.
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3.2. Simulation and Verification

Therefore, in this paper, the second kind of linear bunch conductive structure is
studied in depth. First, two kinds of elastic matrix (Figure 2a) with uniform thickness and
equiwall thickness containing linear bunch conductive structures are designed; the enlarged
diagram is a schematic diagram of the internal structure of uniform thickness and equiwall
thickness. The internal structure in Figure 2a is the bunch structure, while the external
structure is of uniform thickness and equiwall thickness. The parameters that determine
the elastic matrix of the linear bunch structure are horizontal diameter (a), longitudinal
diameter (b), neck length (c), and thickness (d). The Young’s modulus of the elastomer
material is 0.4 MPa (Figure S1). This value is used for finite element analysis simulation.
Using Yeoh’s mechanical module and electrical module, a finite element analysis and
simulation are carried out under the action of fluid–solid coupling. Based on the model
of this structure, the change in resistance in the case of stretching is simulated to match
the change in resistance in the actual tensile experiment. As shown in Figure 2b, in the
simulation process, the linear bunch elastic matrix is stretched and deformed. It can be
seen from the figure that the tensile strain is mainly released by the gourd ball with larger
curvature, and there is only slight deformation at the neck connection between the balls.
The thin neck is indeed the main contributor to the overall resistance. Therefore, using this
string structure, it is possible to suppress the change in resistance to a lower level during
the stretching process. Next, we perform a finite element simulation and experiment on
two sets of samples of uniform thickness and equiwall thickness and compare their results
to verify the accuracy of the finite element simulation model. The horizontal diameter (a) of
the two groups of samples is 4 mm, the longitudinal diameter (b) is 5 mm, the neck length
(c) is 0.75 mm, and the thickness (d) is 1 mm. The resistance of the uniform-thickness and
equiwall-thickness bunch structure made by 3D printing is measured under the stretching
of the stretching machine. Figure 2c,d show the resistance change curve of the finite element
simulation and the actual experiment under 50% stretching. It can be seen from the figure
that the resistance change during the simulated stretching process is in good agreement
with the actual experimental results, which shows that the finite element simulation model
is valid in this study.

In order to grasp the influence of each structural parameter on the change in resistance
during stretching, control experiments of the finite element simulation are carried out on
them. Figure 2e shows the effect of the change in horizontal diameter (a) on the change in
resistance in stretching (50%) when the longitudinal diameter (b) is 5 mm, the neck length
(c) is 0.75 mm, and the thickness (d) is 1 mm; the change in resistance decreases with the
increase in the horizontal diameter (a). Figure 2f shows that when the horizontal diameter
(a) is 3 mm, the neck length (c) is 0.75 mm, and the thickness (d) is 1 mm, the change in
longitudinal diameter (b) has an effect on the change in resistance when stretching (50%).
The change in resistance decreases first and then increases with the increase in longitudinal
diameter (b). There is an optimal value to minimize the change in resistance. Figure 2g
shows that when the horizontal diameter (a) is 3 mm, the longitudinal diameter (b) is 5 mm,
and the thickness (d) is 1 mm, the change in resistance during stretching (50%) increases
with the increase in the neck length (c). Figure 2h shows that when the horizontal diameter
(a) is 3 mm, the longitudinal diameter (b) is 5 mm, and the neck length (c) is 0.75 mm,
the change in the thickness (d) during stretching (50%) has little effect on the change in
resistance, which is basically negligible compared to several other parameters. It can be
seen from the diagram that the structure of equiwall thickness is more stable than that of
the uniform-thickness structure under the same structural parameters, so when preparing
samples for practical application, the linear bunch three-dimensional conductive network
structure with equiwall thickness is selected.



Materials 2023, 16, 3098 6 of 15

Materials 2023, 16, x FOR PEER REVIEW 6 of 15 
 

 

in good agreement with the actual experimental results, which shows that the finite ele-
ment simulation model is valid in this study. 

 
Figure 2. Parameters and electrical properties of 3D-printed bunch structures. (a) Schematic dia-
gram of linear bunch conductive network with two elastic matrix shapes. (b) Simulation diagram of 
linear bunch conductive network. Color map represents strain. (c) The electrical properties of the 
experimental and simulated tensile tests of the uniform-thickness bunch structure. a = 4 mm, b = 5 
mm, c = 0.75 mm, d = 1 mm. (d) The electrical properties of the experimental and simulated tensile 
tests of the equiwall-thickness bunch structure. a = 4 mm, b = 5 mm, c = 0.75 mm, d = 1 mm. (e–h) 

Figure 2. Parameters and electrical properties of 3D-printed bunch structures. (a) Schematic diagram
of linear bunch conductive network with two elastic matrix shapes. (b) Simulation diagram of linear
bunch conductive network. Color map represents strain. (c) The electrical properties of the experimental



Materials 2023, 16, 3098 7 of 15

and simulated tensile tests of the uniform-thickness bunch structure. a = 4 mm, b = 5 mm, c = 0.75 mm,
d = 1 mm. (d) The electrical properties of the experimental and simulated tensile tests of the equiwall-
thickness bunch structure. a = 4 mm, b = 5 mm, c = 0.75 mm, d = 1 mm. (e–h) The control experiment
of each structural parameter of uniform-thickness bunch structure and equiwall-thickness bunch
structure under 50% tensile strain.

3.3. Performance Characterization

According to the influence of the parameters of the bunch structure on the resistance
change during stretching summarized by the control experiment, a stretchable conductor
with basically stable resistance under 50% stretching is further produced by 3D printing.
Figure 3a shows the fabrication process of the stretchable conductor, first printing an elastic
matrix with a bunch structure of equiwall thickness through a 3D printer, then rinsing
the sample in alcohol, removing the support, and filling the channel with liquid metal
using the injection method. According to the influence law of the parameters obtained
by the finite element simulation, the horizontal diameter (a) is 2.5 mm, the longitudinal
diameter (b) is 2 mm, the neck length (c) is 0.25 mm, and the thickness (d) is 0.5 mm.
The equiwall-thickness bunch structure has a resistance change of only about 1% when
stretching 50%, while the resistance of the ordinary cylindrical pipe changes by about 126%
(Figure 3b) under the same stretching condition, which greatly improves the strain stability
of the stretchable conductor. In addition, the stability of the bunch structure and the
ordinary cylindrical structure during twisting and bending is also tested (Figure S2). It can
be seen that when bending to 180 degrees, the resistance of the ordinary cylinder changes
by 6.5%, while the resistance of the bunch structure only changes by 0.3%. Similarly, when
twisted to 360 degrees, the resistance of the ordinary cylinder changes by 9.3%, while the
resistance of the bunch structure changes by only 0.1%. Under different deformation, the
bunch structure still maintains excellent stability performance compared with the ordinary
cylindrical structure. It indirectly reflects that the design of the equiwall-thickness linear-
bunch-structured conductive network plays an important role in obtaining excellent strain
insensitive conductivity. The quality factor Q, defined as the percent strain divided by the
percent relative resistance change, is an important evaluation factor for the strain-insensitive
conductivity of stretchable conductors. As depicted in Table 1, the equiwall-thickness
linear bunch structure exhibits a prominent Q value (33) even though it is in a state of
strain (50%) compared to recently reported stretchable conductors based on the porous
structure [45], wrinkle structure [48], and others [44,47,49–53], suggesting the outstanding
strain-insensitive conductivity.

Table 1. Comparison table of equiwall-thickness bunch structure and other representative structure
stretchable conductors.

Conductive Structure Quality Factor (Q) Electrical
Conductivity

Durability (Number
of Cycles) Reference

welded CNT structure 18 (90% strain) 1.32 S cm−1 1000 [44]
porous structure of AgNWs 5 (40% strain) 42 S cm−1 100 [45]

wrinkle-crumple rGo structure 23 (70% strain) / 200 [48]
AgNWs spongy structure 2.5 (50% strain) 27.78 S cm−1 1000 [49]

liquid metal
corrugated structure 2 (100% strain) / 500 [50]

AgNWs buckled structure 0.28 (130% strain) 21 S cm−1 1000 [51]
micro-wrinkled rGo structure 1.48 (80% strain) 0.256 S cm−1 500 [52]
liquid metal spongy structure 25 (50% strain) 478 S cm−1 1000 [47]
gold thin-film crack structure 1 (50% strain) / 500 [53]
liquid metal bunch structure 33 (50% strain) 10,000 S cm−1 1000 this work
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Figure 3. Three-dimensional-printing process and performance of string structure wire. (a) Fabrica-
tion process. The elastic matrix of the equiwall-thickness linear bunch structure was made by a 3D
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strain-insensitive equiwall-thickness bunch structure conductor with the ordinary cylindrical pipe
during stretching, through the optimization of structural parameters. (c) Comparison of mechanical
properties of bunch-structured stretchable conductors filled with liquid metal and unfilled with liquid
metal. (d) Cyclic diagram of conductor under 50% stretch. (e) Variation in resistance with a strain of
50% at different strain rates. (f) The resistance change under different strain cycles at a strain rate
of 200 mm min−1. (g) The change in inherent resistance after different stretching cycles. (h) Tensile
stretching/releasing cycle of 50% strain for 1000 cycles.

The reason for choosing liquid metal as a filler is that it has very little effect on the
mechanical properties of the elastic material, and this low-viscosity liquid easily flows in
response to the applied strain [54]. The mechanical properties (Figure 3c) of stretchable
conductors with hollow and filled bunch structures are measured by a stretching machine.
The bunch structures with and without liquid metal have almost the same mechanical
properties, indicating that the effect of liquid metal on mechanical properties is negligible.
Under 20 large strain cycles, the change in tensile properties is negligible (Figure 3d). This
shows that the elastomer material has a relatively high mechanical durability. In order
to further test the stability of the stretchable conductor, Figure 3e shows that we apply
different stretching rates (50−200 mm min−1), which have little effect on the change in
resistance, which is of great significance for the different rates of actual use in different
parts of the manipulator. Figure 3f illustrates the change in resistance of the equiwall bunch
structure under cyclic extending and relaxing with various strains by exerting the same
stimulus rate of 20 mm min−1. The influence shown in Figure 3f shows the resistance
change apparently under various strain states (10, 30, and 50%), and the response is found
to be stable. Finally, in order to evaluate the stability and durability of the equiwall-bunch-
structured stretchable conductor, the sample is subjected to 1000 cycles of 50% strain
and a 200 mm min−1 rate. Figure 3g shows that in 1000 cycles, the resistance change
of the sample after cyclic stretching can be neglected relative to the change in the initial
resistance. The resistance increase is less than 0.06% after 200 stretching cycles and is
less than 0.1% after 1000 stretching cycles, which proves the high dynamic stability of the
bunch-structured stretchable conductor. Figure 3h shows that the change in resistance is
still stable in 1000 cycles, and the illustration of Figure 3h is the enlarged area in 230−265 s
and 3215−3255 s. For most stretchable conductors, repeated stretching often leads to a
sharp decline in conductivity due to damage to the internal conductive channel. Due to
the good recoverability of the conductive network, this bunch structure can be almost
restored to the initial value by releasing the applied strain. It is further shown that this
bunch structure has a long working life and reliability.

3.4. Principal Analysis

Figure 4 shows the structural change of the designed bunch-structured conductive
network before and after stretching. An enlarged view of Figure 4a shows the shape of
the neck of the conductor and the ball before and after stretching, and it can be seen that
the liquid metal at the ball releases strain and squeezes into the neck during stretching.
The ball of this bunch structure is similar to a reservoir, which is supplemented at the
neck during stretching, so the resistance is always maintained in a relatively stable state
during stretching. Figure 4b shows a schematic diagram of the structural changes of this
bunch-structured conductive network and ordinary cylindrical conductive network during
stretching, and it is obvious that the ordinary cylindrical conductive network becomes
elongated in the middle after stretching, while the neck of the bunch-structured conductive
network does not change much [43]. The results of finite element simulations further
confirm this conclusion, and when stretched, the neck of the bunch structure resistance
will be supplemented by liquid metal from the ball, and even increase the diameter of the
neck (Figure S3). Therefore, this bunch-structured stretchable conductor with equiwall
thickness has significant durability and stable strain-insensitive performance, and it has
great application prospects in flexible bodies and wearable systems.



Materials 2023, 16, 3098 10 of 15

Materials 2023, 16, x FOR PEER REVIEW 10 of 15 
 

 

the liquid metal at the ball releases strain and squeezes into the neck during stretching. 
The ball of this bunch structure is similar to a reservoir, which is supplemented at the neck 
during stretching, so the resistance is always maintained in a relatively stable state during 
stretching. Figure 4b shows a schematic diagram of the structural changes of this bunch-
structured conductive network and ordinary cylindrical conductive network during 
stretching, and it is obvious that the ordinary cylindrical conductive network becomes 
elongated in the middle after stretching, while the neck of the bunch-structured conduc-
tive network does not change much [43]. The results of finite element simulations further 
confirm this conclusion, and when stretched, the neck of the bunch structure resistance 
will be supplemented by liquid metal from the ball, and even increase the diameter of the 
neck (Figure S3). Therefore, this bunch-structured stretchable conductor with equiwall 
thickness has significant durability and stable strain-insensitive performance, and it has 
great application prospects in flexible bodies and wearable systems. 

 
Figure 4. (a) Structure diagram of bunch conductive network with equiwall thickness and elastic 
matrix. (b) Schematic diagram of structural changes of equiwall-thickness bunch conductive net-
work and ordinary cylindrical conductive network. 

3.5. Application 
Now, more and more people use headphones, which can be seen everywhere in our 

daily lives. While wireless headphones are more widely recognized for their flexibility, 
cable headphones still have a wide audience because of their music’s conductivity and 
accuracy. However, the length and breakage of the headphone cord have been troubling 
users. Therefore, a stretchable headphone line can ensure the stability of signal transmis-
sion while maintaining good tensile properties, which can be an optimization solution to 
this problem. The bunch-structured stretchable conductor designed in this article can be 
used as a headphone cable with good tensile properties (Figure 5a). To prove its electrical 
performance, the transmission ability of its musical signal (Chinese national anthem) is 
tested, which is compared after being unstretched and stretched. By comparing the am-
plitude data before and after stretching 50% (Figure 5b), we find that the maximum am-
plitude deviation is only 0.042 V, which hardly affects the quality of the music signal. In 
addition, the effect of the applied tensile strain on the frequency characteristics of the mu-
sic signal (Figure S4) is analyzed. The spectrogram is obtained by the Fourier transform 
of the voltage waveform in Figure 5b. It can be seen that after applying a 50% stretching, 
its frequency characteristics are similar to those not stretched. In addition, this bunch-like 
stretchable conductor is used in the charging cable of the mobile phone (Supporting movie 
S1), and it is found that before and after stretching, it does not affect the charging of the 
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3.5. Application

Now, more and more people use headphones, which can be seen everywhere in our
daily lives. While wireless headphones are more widely recognized for their flexibility,
cable headphones still have a wide audience because of their music’s conductivity and
accuracy. However, the length and breakage of the headphone cord have been troubling
users. Therefore, a stretchable headphone line can ensure the stability of signal transmission
while maintaining good tensile properties, which can be an optimization solution to this
problem. The bunch-structured stretchable conductor designed in this article can be used
as a headphone cable with good tensile properties (Figure 5a). To prove its electrical perfor-
mance, the transmission ability of its musical signal (Chinese national anthem) is tested,
which is compared after being unstretched and stretched. By comparing the amplitude
data before and after stretching 50% (Figure 5b), we find that the maximum amplitude
deviation is only 0.042 V, which hardly affects the quality of the music signal. In addition,
the effect of the applied tensile strain on the frequency characteristics of the music signal
(Figure S4) is analyzed. The spectrogram is obtained by the Fourier transform of the voltage
waveform in Figure 5b. It can be seen that after applying a 50% stretching, its frequency
characteristics are similar to those not stretched. In addition, this bunch-like stretch-
able conductor is used in the charging cable of the mobile phone (Supporting Movie S1),
and it is found that before and after stretching, it does not affect the charging of the
mobile phone at all. Figure 6 directly shows the dynamic stability of the equiwall-bunch-
structured stretchable conductor (Figure S5 is the cross section of the structure); with a
100 mA current connected, the voltage change after 50% stretching is small, reflecting that
the resistance barely changes before and after stretching, and Supporting Movie S2 shows
the real-time change in resistance during dynamic stretching.
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4. Conclusions

In summary, this paper designs a conductive network with an equiwall-thickness
bunch structure, uses 3D printing technology to print an elastic matrix, and then injects
liquid metal to form a stretchable conductor. Through experiments and simulations, the
influence of the structural parameters of the linear bunch conductive network with equiwall
thickness on the resistance change during stretching is summarized, and a stretchable
conductor with high dynamic stability is produced according to the summarized rules.
When this bunch structure is stretched, the liquid metal at the ball is squeezed, so the neck
is replenished, similar to the reservoir structure, which allows the conductor to maintain
a stable resistance when stretched. As a stretchable conductor, the resistance changes by
only about 1% at 50% tensile strain. In addition, the conductor exhibits high durability and
excellent electromechanical stability in 1000 cycles at 50% tensile strain. Due to the high
conductivity and superior stretchability of this equiwall-thickness linear bunch conductive
network, it has broad application prospects in the field of wearable electronics. It is used in
the charging line and headphone line of mobile phones to verify the applicability of the
structure as a stretchable wire in practical applications. This work provides inspiration
for the development of stretchable conductors based on three-dimensional conductive
structures through structural design that can be used in various applications of next-
generation wearable devices.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ma16083098/s1: Four-factor three-level table of orthog-
onal test (Table S1). Testing Young’s Modulus of standard drawing parts of photocurable resins
(Figure S1). Simulation experiment of radius change of neck cross-sectional area of linear bunch
structure (Figure S2). Effect of tensile strain on frequency characteristics of music signals (Figure S3)
(PDF). (a) Spectrum of initial state voltage waveform. (b) Spectrogram of voltage waveform at 50%
tensile stress (Figure S4). Cross-sectional section diagram of equiwall thickness bunch structure
(Figure S5). The linear-bunch-structured stretchable conductor is used as an elastic mobile phone
charging line (Movie S1) (MP4). The voltage change of a stretchable conductor with a linear string
structure is measured when it is stretched by 50% at 100 mA (Movie S2) (MP4).

Author Contributions: Conceptualization, J.S., X.Y., Y.L and Y.W. (Yuanzhao Wu); Methodology, C.L.
and H.X.; Software, C.L. and X.X.; Validation, C.L.; Formal analysis, C.L. and S.W.; Investigation,
C.L.; Resources, C.L., J.L. and S.H.; Data curation, C.L., S.W. and J.S.; Writing—original draft, C.L.;
Writing—review & editing, Y.W. (Yuwei Wang); Supervision, X.Y., Y.L., Y.W. (Yuanzhao Wu) and J.S.;
Project administration, R.-W.L.; Funding acquisition, J.S. and R.-W.L. The manuscript was written
through contributions of all authors. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was partially funded by the National Natural Science Foundation of China
(U22A20248, 52127803, 51931011, 51971233, 62174165, M-0152, U20A6001, U1909215 and 52105286,
52201236, 62204246, 92064011, 62174164), the External Cooperation Program of the Chinese Academy
of Sciences (174433KYSB20190038, 174433KYSB20200013), the Instrument Developing Project of the
Chinese Academy of Sciences (YJKYYQ20200030), the K.C. Wong Education Foundation (GJTD-
2020-11), the Chinese Academy of Sciences Youth Innovation Promotion Association (2018334), the
“Pioneer” and “Leading Goose” R&D Program of Zhejiang (2022C01032), the Zhejiang Provincial Key
R&D Program (2021C01183), the Natural Science Foundation of Zhejiang Province (LD22E010002), the
Zhejiang Provincial Basic Public Welfare Research Project (LGG20F010006), the Ningbo Scientific and
Technological Innovation 2025 Major Project (2019B10127, 2020Z022), and Ningbo Natural Science
Foundations (20221JCGY010312).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

https://www.mdpi.com/article/10.3390/ma16083098/s1


Materials 2023, 16, 3098 13 of 15

Acknowledgments: This research was partially supported by the National Natural Science Founda-
tion of China (U22A20248, 52127803, 51931011, 51971233, 62174165, M-0152, U20A6001, U1909215
and 52105286, 52201236, 62204246, 92064011, 62174164), the External Cooperation Program of the Chi-
nese Academy of Sciences (174433KYSB20190038, 174433KYSB20200013), the Instrument Developing
Project of the Chinese Academy of Sciences (YJKYYQ20200030), the K.C. Wong Education Founda-
tion (GJTD-2020-11), the Chinese Academy of Sciences Youth Innovation Promotion Association
(2018334), the “Pioneer” and “Leading Goose” R&D Program of Zhejiang (2022C01032), the Zhejiang
Provincial Key R&D Program (2021C01183), the Natural Science Foundation of Zhejiang Province
(LD22E010002), the Zhejiang Provincial Basic Public Welfare Research Project (LGG20F010006), the
Ningbo Scientific and Technological Innovation 2025 Major Project (2019B10127, 2020Z022), and
Ningbo Natural Science Foundations (20221JCGY010312).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhao, J.; He, C.; Yang, R.; Shi, Z.; Cheng, M.; Yang, W.; Xie, G.; Wang, D.; Shi, D.; Zhang, G. Ultra-sensitive Strain Sensors Based

on Piezoresistive Nanographene Films. Appl. Phys. Lett. 2012, 101, 063112. [CrossRef]
2. Zhao, J.; Wang, G.; Yang, R.; Lu, X.; Cheng, M.; He, C.; Xie, G.; Meng, J.; Shi, D.; Zhang, G. Tunable Piezoresistivity of

Nanographene Films for Strain Sensing. ACS Nano 2015, 9, 1622–1629. [CrossRef] [PubMed]
3. Tee, B.C.; Wang, C.; Allen, R.; Bao, Z. An Electrically and Mechanically Self-healing Composite with Pressure and Flexion-sensitive

Properties for Electronic Skin Applications. Nat. Nanotechnol. 2012, 7, 825–832. [CrossRef]
4. Suo, Z.; Ma, E.Y.; Gleskova, H.; Wagner, S. Mechanics of Rollable and Foldable Film-on-foil Electronics. Appl. Phys. Lett. 1999, 74,

1177–1179. [CrossRef]
5. Han, M.J.; Khang, D.Y. Glass and Plastics Platforms for Foldable Electronics and Displays. Adv. Mater. 2015, 27, 4969–4974.

[CrossRef] [PubMed]
6. Ren, H.; Cui, N.; Tang, Q.; Tong, Y.; Zhao, X.; Liu, Y. High-Performance, Ultrathin, Ultraflexible Organic Thin-Film Transistor

Array Via Solution Process. Small 2018, 14, 1801020. [CrossRef]
7. Rogers, J.A.; Someya, T.; Huang, Y. Materials and Mechanics for Stretchable Electronics. Science 2010, 327, 1603–1607. [CrossRef]
8. An, B.W.; Gwak, E.J.; Kim, K.; Kim, Y.C.; Jang, J.; Kim, J.Y.; Park, J.U. Stretchable, Transparent Electrodes as Wearable Heaters

Using Nanotrough Networks of Metallic Glasses with Superior Mechanical Properties and Thermal Stability. Nano Lett. 2016, 16,
471–478. [CrossRef]

9. Kim, D.H.; Xiao, J.; Song, J.; Huang, Y.; Rogers, J.A. Stretchable, Curvilinear Electronics Based on Inorganic Materials. Adv. Mater.
2010, 22, 2108–2124. [CrossRef]

10. Wang, Y.; Yin, L.; Bai, Y.; Liu, S.; Wang, L.; Zhou, Y.; Hou, C.; Yang, Z.; Wu, H.; Ma, J.; et al. Electrically Compensated, Tattoo-like
Electrodes for Epidermal Electrophysiology at Scale. Sci. Adv. 2020, 6, eabd0996. [CrossRef]

11. Liu, H.; Li, M.; Ouyang, C.; Lu, T.J.; Li, F.; Xu, F. Biofriendly, Stretchable, and Reusable Hydrogel Electronics as Wearable Force
Sensors. Small 2018, 14, 1801711. [CrossRef] [PubMed]

12. Liu, Y.; Liu, J.; Chen, S.; Lei, T.; Kim, Y.; Niu, S.; Wang, H.; Wang, X.; Foudeh, A.M.; Tok, J.B.H.; et al. Soft and Elastic
Hydrogel-based Microelectronics for Localized Low-voltage Neuromodulation. Nat. Biomed. Eng. 2019, 3, 58–68. [CrossRef]
[PubMed]

13. Morikawa, Y.; Yamagiwa, S.; Sawahata, H.; Numano, R.; Koida, K.; Ishida, M.; Kawano, T. Ultrastretchable Kirigami Bioprobe.
Adv. Healthc. Mater. 2018, 7, 1701100. [CrossRef]

14. Li, W.; Matsuhisa, N.; Liu, Z.; Wang, M.; Luo, Y.; Cai, P.; Chen, G.; Zhang, F.; Li, C.; Liu, Z.; et al. An on-demand Plant-based
Actuator Created Using Conformable Electrodes. Nat. Electron. 2021, 4, 134–142. [CrossRef]

15. Larson, C.; Peele, B.; Li, S.; Robinson, S.; Totaro, M.; Beccai, L.; Mazzolai, B.; Shepherd, R. Highly Stretchable Electroluminescent
Skin for Optical Signaling and Tactile Sensing. Science 2016, 351, 1071. [CrossRef]

16. Roh, Y.; Kim, M.; Won, S.M.; Lim, D.; Hong, I.; Lee, S.; Kim, T.; Kim, C.; Lee, D.; Im, S.; et al. Vital Signal Sensing and Manipulation
of A Microscale Organ with A Multifunctional Soft Gripper. Sci. Rob. 2021, 6, eabi6774. [CrossRef]

17. Liu, X. The More and Less of Electronic-skin Sensors. Science 2020, 370, 910. [CrossRef] [PubMed]
18. Lei, Z.Y.; Wu, P.Y. Double-slit Photoelectron Interference in Strong- field Ionization of The Neon Dimer. Nat. Commun. 2019, 10, 1.
19. Yao, S.; Zhu, Y. Nanomaterial-enabled Stretchable Conductors: Strategies, Materials and Devices. Adv. Mater. 2015, 27, 1480–1511.

[CrossRef]
20. He, H.; Zhang, L.; Guan, X.; Cheng, H.; Liu, X.; Yu, S.; Wei, J.; Ouyang, J. Biocompatible Conductive Polymers with High

Conductivity and High Stretchability. ACS Appl. Mater. Interfaces 2019, 11, 26185–26193. [CrossRef]
21. Vosgueritchian, M.; Lipomi, D.J.; Bao, Z. Highly Conductive and Transparent PEDOT:PSS Films with a Fluorosurfactant for

Stretchable and Flexible Transparent Electrodes. Adv. Funct. Mater. 2012, 22, 421–428. [CrossRef]
22. Kayser, L.V.; Lipomi, D.J. Stretchable Conductive Polymers and Composites Based on PEDOT and PEDOT:PSS. Adv. Mater. 2019,

31, e1806133. [CrossRef]

https://doi.org/10.1063/1.4742331
https://doi.org/10.1021/nn506341u
https://www.ncbi.nlm.nih.gov/pubmed/25658857
https://doi.org/10.1038/nnano.2012.192
https://doi.org/10.1063/1.123478
https://doi.org/10.1002/adma.201501060
https://www.ncbi.nlm.nih.gov/pubmed/26197761
https://doi.org/10.1002/smll.201801020
https://doi.org/10.1126/science.1182383
https://doi.org/10.1021/acs.nanolett.5b04134
https://doi.org/10.1002/adma.200902927
https://doi.org/10.1126/sciadv.abd0996
https://doi.org/10.1002/smll.201801711
https://www.ncbi.nlm.nih.gov/pubmed/30062710
https://doi.org/10.1038/s41551-018-0335-6
https://www.ncbi.nlm.nih.gov/pubmed/30932073
https://doi.org/10.1002/adhm.201701100
https://doi.org/10.1038/s41928-020-00530-4
https://doi.org/10.1126/science.aac5082
https://doi.org/10.1126/scirobotics.abi6774
https://doi.org/10.1126/science.abe7366
https://www.ncbi.nlm.nih.gov/pubmed/33214265
https://doi.org/10.1002/adma.201404446
https://doi.org/10.1021/acsami.9b07325
https://doi.org/10.1002/adfm.201101775
https://doi.org/10.1002/adma.201806133


Materials 2023, 16, 3098 14 of 15

23. Qi, D.; Zhang, K.; Tian, G.; Jiang, B.; Huang, Y. Stretchable Electronics Based on PDMS Substrates. Adv. Mater. 2021, 33, e2003155.
[CrossRef]

24. McLellan, K.; Yoon, Y.; Leung, S.N.; Ko, S.H. Recent Progress in Transparent Conductors Based on Nanomaterials: Advancements
and Challenges. Adv. Mater. Technol. 2020, 5, 1900939. [CrossRef]

25. Kim, D.H.; Liu, Z.; Kim, Y.S.; Wu, J.; Song, J.; Kim, H.S.; Huang, Y.; Hwang, K.C.; Zhang, Y.; Rogers, J.A. Optimized Structural
Designs for Stretchable Silicon Integrated Circuits. Small 2009, 5, 2841–2847. [CrossRef] [PubMed]

26. Miyamoto, A.; Lee, S.; Cooray, N.F.; Lee, S.; Mori, M.; Matsuhisa, N.; Jin, H.; Yoda, L.; Yokota, T.; Itoh, A.; et al. Inflammation-free,
Gas-permeable, Lightweight, Stretchable on-skin Electronics with Nanomeshes. Nat. Nanotechnol. 2017, 12, 907–913. [CrossRef]
[PubMed]

27. Someya, T.; Kato, Y.; Sekitani, T.; Iba, S.; Noguchi, Y.; Murase, Y.; Kawaguchi, H.; Sakurai, T. Conformable, Flexible, Large-area
Networks of Pressure and Thermal Sensors with Organic Transistor Active Matrixes. Proc. Natl. Acad. Sci. USA 2005, 102,
12321–12325. [CrossRef]

28. Lacour, S.P.; Chan, D.; Wagner, S.; Li, T.; Suo, Z. Mechanisms of Reversible Stretchability of Thin Metal Films on Elastomeric
Substrates. Appl. Phys. Lett. 2006, 88, 4103. [CrossRef]

29. Graz, I.M.; Cotton, D.P.J.; Lacour, S.P. Extended Cyclic Uniaxial Loading of Stretchable Gold Thin-films on Elastomeric Substrates.
Appl. Phys. Lett. 2009, 94, 1902. [CrossRef]

30. Liu, Z.; Wang, X.; Qi, D.; Xu, C.; Yu, J.; Liu, Y.; Jiang, Y.; Liedberg, B.; Chen, X. High-Adhesion Stretchable Electrodes Based on
Nanopile Interlocking. Adv. Mater. 2017, 29, 1603382. [CrossRef]

31. Drack, M.; Graz, I.; Sekitani, T.; Someya, T.; Kaltenbrunner, M.; Bauer, S. An Imperceptible Plastic Electronic Wrap. Adv. Mater.
2015, 27, 34–40. [CrossRef]

32. Qi, D.; Liu, Z.; Yu, M.; Liu, Y.; Tang, Y.; Lv, J.; Li, Y.; Wei, J.; Liedberg, B.; Yu, Z.; et al. Highly Stretchable Gold Nanobelts with
Sinusoidal Structures for Recording Electrocorticograms. Adv. Mater. 2015, 27, 3145–3151. [CrossRef] [PubMed]

33. He, H.; Zhang, L.; Yue, S.; Yu, S.; Wei, J.; Ouyang, J. Enhancement in the Mechanical Stretchability of PEDOT:PSS Films by
Compounds of Multiple Hydroxyl Groups for Their Application as Transparent Stretchable Conductors. Macromolecules 2021, 54,
1234–1242. [CrossRef]

34. Fan, X.; Nie, W.; Tsai, S.H.; Wang, N.; Huang, H.; Cheng, Y.; Wen, R.; Ma, L.; Yan, F.; Xia, Y. PEDOT:PSS for Flexible and Stretchable
Electronics: Modifications, Strategies, and Applications. Adv. Sci. 2019, 6, 1900813. [CrossRef] [PubMed]

35. Lee, S.; Shin, S.; Lee, S.; Seo, J.; Lee, J.; Son, S.; Cho, H.J.; Algadi, H.; Al-Sayari, S.; Kim, D.E.; et al. Ag Nanowire Reinforced
Highly Stretchable Conductive Fibers for Wearable Electronics. Adv. Funct. Mater. 2015, 25, 3114–3121. [CrossRef]

36. Matsuhisa, N.; Inoue, D.; Zalar, P.; Jin, H.; Matsuba, Y.; Itoh, A.; Yokota, T.; Hashizume, D.; Someya, T. Printable Elastic Conductors
by in Situ Formation of Silver Nanoparticles from Silver Flakes. Nat. Mater. 2017, 16, 834–840. [CrossRef] [PubMed]

37. Kil, M.S.; Kim, S.J.; Park, H.J.; Yoon, J.H.; Jeong, J.M.; Choi, B.G. Highly Stretchable Sensor Based on Fluid Dynamics-Assisted
Graphene Inks for Real-Time Monitoring of Sweat. ACS Appl. Mater. Interfaces 2022, 14, 48072–48080. [CrossRef]

38. Sun, F.; Tian, M.; Sun, X.; Xu, T.; Liu, X.; Zhu, S.; Zhang, X.; Qu, J. Stretchable Conductive Fibers of Ultrahigh Tensile Strain and
Stable Conductance Enabled by a Worm-Shaped Graphene Microlayer. Nano Lett. 2019, 19, 6592–6599. [CrossRef]

39. Yang, C.H.; Wu, Y.; Nie, M.; Wang, Q.; Liu, Y. Highly Stretchable and Conductive Carbon Fiber/Polyurethane Conductive Films
Featuring Interlocking Interfaces. ACS Appl. Mater. Interfaces 2021, 13, 38656–38665. [CrossRef]

40. Gao, Y.; Guo, F.; Cao, P.; Liu, J.; Li, D.; Wu, J.; Wang, N.; Su, Y.; Zhao, Y. Winding-Locked Carbon Nanotubes/Polymer Nanofibers
Helical Yarn for Ultrastretchable Conductor and Strain Sensor. ACS Nano 2020, 14, 3442–3450. [CrossRef]

41. Wang, H.; Yao, Y.; He, Z.; Rao, W.; Hu, L.; Chen, S.; Lin, J.; Gao, J.; Zhang, P.; Sun, X.; et al. A Highly Stretchable Liquid Metal
Polymer as Reversible Transitional Insulator and Conductor. Adv. Mater. 2019, 31, 1901337. [CrossRef] [PubMed]

42. Matsuhisa, N.J.; Chen, X.D.; Bao, Z.N.; Someya, T. Materials and Structural Designs of Stretchable Conductors. Chem. Soc. Rev.
2019, 48, 2946. [CrossRef] [PubMed]

43. Gao, Y.; Yu, L.; Li, Y.; Wei, L.; Yin, J.; Wang, F.; Wang, L.; Mao, J. Maple Leaf Inspired Conductive Fiber with Hierarchical Wrinkles
for Highly Stretchable and Integratable Electronics. ACS Appl. Mater. Interfaces 2022, 14, 49059–49071. [CrossRef]

44. Zhang, F.; Ren, D.; Huang, L.; Zhang, Y.; Sun, Y.; Liu, D.; Zhang, Q.; Feng, W.; Zheng, Q. 3D Interconnected Conductive Graphite
Nanoplatelet Welded Carbon Nanotube Networks for Stretchable Conductors. Adv. Funct. Mater. 2021, 31, 2107082. [CrossRef]

45. Oh, J.Y.; Lee, D.; Hong, S.H. Ice-Templated Bimodal-Porous Silver Nanowire/PDMS Nanocomposites for Stretchable Conductor.
ACS Appl. Mater. Interfaces 2018, 10, 21666–21671. [CrossRef]

46. Liang, S.; Li, Y.; Chen, Y.; Yang, J.; Zhu, T.; Zhu, D.; He, C.; Liu, Y.; Handschuh-Wang, S.; Zhou, X. Liquid Metal Sponges for
Mechanically Durable, All-Soft, Electrical Conductors. J. Mater. Chem. C 2017, 5, 1586. [CrossRef]

47. Huang, Y.; Yu, B.; Zhang, L.; Ning, N.; Tian, M. Highly Stretchable Conductor by Self-Assembling and Mechanical Sintering of
a 2D Liquid Metal on a 3D Polydopamine-Modified Polyurethane Sponge. ACS Appl. Mater. Interfaces 2020, 11, 48321–48330.
[CrossRef]

48. Chang, T.H.; Tian, Y.; Li, C.; Gu, X.; Li, K.; Yang, H.; Sanghani, P.; Lim, C.M.; Ren, H.; Chen, P.Y. Stretchable Graphene Pressure
Sensors with Shar-Pei-like Hierarchical Wrinkles for Collision-Aware Surgical Robotics. ACS Appl. Mater. Interfaces 2019, 11,
10226–10236. [CrossRef]

49. Li, L.; Zhu, C.; Wu, Y.; Wang, J.; Zhang, T.; Liu, Y. A Conductive Ternary Network of A Highly Stretchable AgNWs/AgNPs
Conductor Based on A Polydopamine-modified Polyurethane Sponge. RSC Adv. 2015, 5, 62905–62912. [CrossRef]

https://doi.org/10.1002/adma.202003155
https://doi.org/10.1002/admt.201900939
https://doi.org/10.1002/smll.200900853
https://www.ncbi.nlm.nih.gov/pubmed/19824002
https://doi.org/10.1038/nnano.2017.125
https://www.ncbi.nlm.nih.gov/pubmed/28737748
https://doi.org/10.1073/pnas.0502392102
https://doi.org/10.1063/1.2201874
https://doi.org/10.1063/1.3076103
https://doi.org/10.1002/adma.201603382
https://doi.org/10.1002/adma.201403093
https://doi.org/10.1002/adma.201405807
https://www.ncbi.nlm.nih.gov/pubmed/25865755
https://doi.org/10.1021/acs.macromol.0c02309
https://doi.org/10.1002/advs.201900813
https://www.ncbi.nlm.nih.gov/pubmed/31592415
https://doi.org/10.1002/adfm.201500628
https://doi.org/10.1038/nmat4904
https://www.ncbi.nlm.nih.gov/pubmed/28504674
https://doi.org/10.1021/acsami.2c10638
https://doi.org/10.1021/acs.nanolett.9b02862
https://doi.org/10.1021/acsami.1c08266
https://doi.org/10.1021/acsnano.9b09533
https://doi.org/10.1002/adma.201901337
https://www.ncbi.nlm.nih.gov/pubmed/30972851
https://doi.org/10.1039/C8CS00814K
https://www.ncbi.nlm.nih.gov/pubmed/31073551
https://doi.org/10.1021/acsami.2c12746
https://doi.org/10.1002/adfm.202107082
https://doi.org/10.1021/acsami.8b06536
https://doi.org/10.1039/C6TC05358K
https://doi.org/10.1021/acsami.9b15776
https://doi.org/10.1021/acsami.9b00166
https://doi.org/10.1039/C5RA10961B


Materials 2023, 16, 3098 15 of 15

50. Chen, J.; Zhang, J.; Luo, Z.; Zhang, J.; Li, L.; Su, Y.; Gao, X.; Li, Y.; Tang, W.; Cao, C.; et al. Superelastic, Sensitive, and Low
Hysteresis Flexible Strain Sensor Based on Wave-Patterned Liquid Metal for Human Activity Monitoring. ACS Appl. Mater.
Interfaces 2020, 12, 22200–22211. [CrossRef]

51. Weng, C.; Dai, Z.; Wang, G.; Liu, L.; Zhang, Z. Elastomer-Free, Stretchable, and Conformable Silver Nanowire Conductors
Enabled by Three-Dimensional Buckled Microstructures. ACS Appl. Mater. Interfaces 2019, 11, 6541–6549. [CrossRef] [PubMed]

52. Feng, C.; Yi, Z.; Dumée, L.F.; Garvey, C.J.; She, F.; Lin, B.; Lucas, S.; Schütz, J.; Gao, W.; Peng, Z.; et al. Shrinkage Induced
Stretchable Micro-wrinkled Reduced Graphene Oxide Composite with Recoverable Conductivity. Carbon 2015, 93, 878–886.
[CrossRef]

53. Zhang, B.; Lei, J.; Qi, D.; Liu, Z.; Wang, Y.; Xiao, G.; Wu, J.; Zhang, W.; Huo, F.; Chen, X. Stretchable Conductive Fibers Based on a
Cracking Control Strategy for Wearable Electronics. Adv. Funct. Mater. 2018, 28, 1801683. [CrossRef]

54. Dickey, M.D.; Chiechi, R.C.; Larsen, R.J.; Weiss, E.A.; Weitz, D.A.; Whitesides, G.M. Eutectic Gallium-Indium (EGaIn): A Liquid
Metal Alloy for the Formation of Stable Structures in Microchannels at Room Temperature. Adv. Funct. Mater. 2008, 18, 1097–1104.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acsami.0c04709
https://doi.org/10.1021/acsami.8b19890
https://www.ncbi.nlm.nih.gov/pubmed/30648377
https://doi.org/10.1016/j.carbon.2015.06.011
https://doi.org/10.1002/adfm.201801683
https://doi.org/10.1002/adfm.200701216

	Introduction 
	Materials and Methods 
	Materials 
	Preparation Process 
	Young’s Modulus 
	Computational Simulations 
	Mechanical Features 
	Electrical Characteristics 
	Making a Headphone Cable 

	Results 
	Structural Design 
	Simulation and Verification 
	Performance Characterization 
	Principal Analysis 
	Application 

	Conclusions 
	References

