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Abstract
Developing compliant-artificial muscles for applications in soft robotics and flexible electronics is of practical importance. 
In this work, we construct Ag-PET (silver-polyethylene-terephthalate) twist-coiled structures from Ag-coated PET. Using 
electrothermal effect as the actuation mechanism, we demonstrate the contraction of the Ag-PET twist-coiled structures under 
the action of electric voltage. Increasing electric voltage increases Joule heating, resulting in the increase of the actuation dis-
tance and actuation load. Controlling the training load and the rotational speed in the preparation of the Ag-PET twist-coiled 
structures can tailor the line density of active coils and determine the functionalities of the Ag-PET twist-coiled structures.

Keywords Silver coating · Twist-coiled structure · Joule heating · Artificial muscles

Introduction

The progress in flexible electronics has stimulated the inter-
est in developing compliant- artificial muscles for applica-
tions in soft robotics, smart clothes, and smart skins. Among 
the compliant-artificial muscles, polymer-based materials/
structures have been studied under a variety of actuation 
mechanisms, including electric [1–3], thermal [4–7], and 
ionic [8–11]. To improve the performance of the compli-
ant-artificial muscles, i.e. high actuation strain and/or high 
actuation stress, multilayer and core–shell structures have 
been developed and examined.

Shenoy et  al. [12] constructed carbon-coated 
liquid–crystal elastomer films and demonstrated faster 
responses to a laser beam due to the increase in heat 
absorption. Liu et al. [13] prepared a bilayer structure from 
a compliant film with a multi-wall carbon nanotube/silver 
nanowire composite and liquid–crystal elastomer and used 
electrothermal actuation to reach maximum actuation stress 

of 0.46 MPa. Yu et al. [14] made core–shell fibers from 
carbon nanotubes and liquid–crystal elastomer and observed 
the deflection of the core–shell fibers under light-thermal 
actuation. Using electroless plating to coat silver (Ag) on 
the surface of polyethylene-terephthalate (PET), Park et al. 
[15] prepared an actuator of twisted structure and used Joule 
heating as the actuation mechanism. Zakeri and Zakeri [16] 
used soft multilayer actuators to achieve large contraction 
and expansion. Wang et al. [17] used multiple electrodes 
to achieve large actuation stress. Currently, few studies are 
exploring the possibility of using a core–shell structure with 
a metallic shell and a polymer core to construct compliant-
artificial muscles and assess the responses of such artificial 
muscles solely under the actuation of electric current.

This work is aimed at developing compliant-artificial 
muscles from an Ag/PET core–shell structure with an Ag 
shell and a PET core. Electric voltage is used to control the 
temperature increase of the prepared artificial muscles, in 
which electric energy is converted to thermal energy through 
Joule heating, leading to the increase of local temperature. 
The temperature increase causes the stretch of polymer 
chains along the extrusion direction and results in the con-
traction of the artificial muscle.
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Experimental details

Monofilament PET fibers of 0.25 mm and 0.48 mm in 
diameter (YAO I Fabric CO., Ltd, Taiwan) were used in 
this work. Using the PET fibers, we constructed twist-
coiled structures of 28 and 27 cm in length from the PET 
fibers of 0.48 and 0.25  mm in diameter, respectively. 
Briefly, PET fibers were grouped and fixed at one end and 
connected to a DC motor (JD-L003A067, Cheshire Elec-
tric Company, LLC, Taiwan) at the other end. Pre-loads 
of 3.92 and 0.88 N were applied to the PET yarns with the 
PET fibers of 0.48 and 0.25 mm in diameter, respectively, 
to limit the self-spinning of the PET fibers before the 
twist-insertion processing. After the twist-insertion pro-
cessing, the PET yarns with both ends fixed were placed 
in an oven at 180 °C for 30 min and then cooled to room 
temperature in the air to form twist-coiled structures.

Electroless plating was used to coat Ag on the surface of the 
twist-coiled structures. Briefly, the twist-coiled structures were 
washed sequentially with acetone, ethanol, and deionized (DI) 
water for 10 min of each step under ultrasonication. The washed 
twist-coiled structures were dried at 40 °C for 10 min in an oven 
and then sensitized at 25 °C for 10 min in an aqueous solution 
with 10 g/l tin chloride dihydrate and 10 ml/l hydrochloric acids. 
Using stannous ions  (Sn2+) enabled nearly uniform deposition 
of Ag. Two aqueous solutions were prepared: solution A with 
silver nitrate 6.8 g/l, ammonium hydroxide, and DI water, and 
solution B with Rochelle salt 30 g/l, ethanol 20 ml/l, and DI 
water. The dried twist-coiled structures were placed in the 
mixture of solution A and solution B, which was maintained at 
40 °C for 4 h to allow for the plating of a nearly uniform Ag-film 
over the twist-coiled structures. After the plating, the Ag-plated 
twist-coiled structures were washed with DI water and then dried 
at 40 °C for 10 min in the oven to complete the construction of 
twist-coiled artificial muscles (TCAMs).

The TCAMs were trained in a furnace under different 
training loads with the temperature being increased from 

room temperature to 85 °C at a heating rate of 3 °C/min and 
cooled down to room temperature at a rate of 0.5 °C/min. The 
trained TCAMs were divided into three groups: TCAM-a 
– training loads of 1.96, 2.94, 3.92, and 4.90 N, rotational speed 
of 1250 rpm, and PET fiber diameter of 0.48 mm, TCAM-b 
– training load of 4.90 N, rotational speeds of 1000, 1250, 
1500 and 1750 rpm, and PET fiber diameter of 0.48 mm, 
and TCAM-c – training load of 0.59, 0.88, 1.18 and 1.47 N, 
rotational speed of 625 rpm, and PET fiber diameter of 0.25 mm.

Optical imaging of the TCAMs was performed on a 
BX-51 optical microscope (Olympus Optical Co., Japan) 
equipped with a DFK51AU02 CCD camera (Imaging 
Source, Germany) under the reflection mode. The mor-
phology of the TCAMs was analyzed on a Scanning Elec-
tron Microscope (SEM, JEOL-IT-100, JEOL, Ltd., Japan).

Tensile tests of PET fibers and the TCAMs were con-
ducted on a tensile machine (PT-1996 V, Perfect Interna-
tional Instruments Co., Ltd, Taiwan) at four different cross-
head speeds (1, 5, 10, and 50 mm/min). All the tests were 
done at 25 °C. Electrothermal actuation was performed with 
a focus on the actuation displacement and the actuation 
force. For the measurement of the actuation displacement, 
the TCAMs were subjected to 0.49 and 0.2 N for the PET 
fibers of 0.48 and 0.25 mm in diameter, respectively. For 
the measurement of the actuation force, both ends of the 
TCAMs were clamped under the action of an electric voltage 
of 2.5, 3, 3.5, or 4 V. The electric current passing through 
the TCAMS was limited to be less than 0.7 and 0.4 A for the 
PET fibers of 0.48 and 0.25 mm in diameter, respectively.

Both the electric voltage and current were in-situ meas-
ured on a 2450 SourceMeter (Keithley Instruments, USA) 
using the two-electrode impedance method. The voltage was 
increased by 0.1 V per 0.5 s. The maximum electric current 
was set to 1 A to protect the instrument. The temporal evolu-
tion of electric current under electric voltage ranging from 
2.5 to 4 V was investigated. The maximum electric current 
was set to 0.95 A to protect the instrument.

Fig. 1  Optical images of Ag-
coated PET coiled fibers of 
a 0.25 mm in diameter and b 
0.48 mm in diameter
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Results and discussion

Figure 1 shows optical images of Ag-coated PET coiled fib-
ers of 0.25 mm (Fig. 1a) and 0.48 mm (Fig. 1b) in diameter. 
A layer of Ag is presented on the surface of the PET fibers.

Figure 2 depicts SEM images of the cross-sections of 
Ag-coated PET fibers of 0.25 mm (Fig. 2a) and 0.48 mm 
(Fig. 2b) in diameter. There is a distinct outline represent-
ing the boundary between the PET core and the Ag shell. 
Using the SEM images, we estimate the thicknesses of the 
Ag shells to be ~ 21.5 and ~ 2.9 μm for the PET fibers of 0.25 
and 0.48 mm in diameter, respectively.

Using the optical and SEM images, we calculate the geo-
metric dimensions of the TCAMs. Table 1 summarizes the 
geometric dimensions, training loads and line density of 
coils (active coils per unit length) of the TCAMs prepared 
in this work. For the artificial muscles made from the PET 
fibers of 0.48 mm in diameter except for those made with a 
rotation speed of 1000 rpm, increasing the rotational speed 
results in a slight increase of the coil diameter, D0, (see 
Fig. 1a), and the increase of the active coils per unit length 
for the rotational speed used in this work under the same 
training load. Note that the artificial muscles made from the 
PET fibers of 0.48 mm in diameter with a rotation speed of 

1000 rpm are unstable. Increasing the training load causes 
a slight decrease in the active coils per unit length. Such 
behavior is due to the presence of inelastic deformation of 
PET fibers, which is irreversible.

Figure 3 presents engineering stress–strain curves of 
the Ag-coated PET fibers of 0.48 (Fig. 3a) and 0.25 mm 
(Fig. 3b) in diameter for primitive fibers under different ten-
sile speeds. The tensile deformation for the Ag-coated PET 
fibers consists of elastic deformation and plastic deformation 
with nearly linear hardening. In general, increasing tensile 
speed increases the strength and yielding point, as expected.

We calculate Young’s modulus, yielding stress, and 
fracture stress of the Ag-coated PET fibers from the engi-
neering stress–strain curves, as listed in Table 2. For ref-
erence, the Ag thicknesses are also listed in Table 2. It is 
evident that increasing the tensile speed increases Young’s 
modulus, yielding stress and fracture strength for respec-
tive Ag-coated PET fibers. Such results are consistent with 
the deformation of PET being controlled by the stretch of 
polymer chains. Note that Young’s modulus and yielding 
stress of the Ag-PET fibers of 0.48 mm in diameter are 
smaller than the Ag-PET fibers of 0.25 mm in diameter 
due to the difference in the thicknesses of the Ag shell, as 
listed in Table 2.

Fig. 2  SEM images of the 
cross-section of silver-coated 
PET fibers of a 0.25 mm in 
diameter and b 0.48 mm in 
diameter

Table 1  Geometric dimensions, 
active coils per unit length  (Nc), 
and training load of TCAMs

PET diameter
(mm)

Rotation speed
(rpm)

D0
(mm)

Training Load
(N)

Nc (coils/cm)

0.48 1250 1.15 1.96 15.2 ± 0.04
2.94 14.5 ± 0.06
3.92 14.3 ± 0.04
4.90 13.4 ± 0.03

0.25 625 0.66 0.59 24.4 ± 0.14
0.88 22.9 ± 0.12
1.18 22.4 ± 0.10
1.47 21.4 ± 0.09

0.48 1000 1.21 ± 0.03 4.90 13.5 ± 0.04
1250 1.15 ± 0.02 13.4 ± 0.03
1500 1.16 ± 0.02 13.5 ± 0.03
1750 1.17 ± 0.03 13.7 ± 0.04
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Figures 4 and S1-2 in Supplementary Information present 
tensile force–displacement curves of the TCAMs. It is evi-
dent that there are two deformation stages – one with linear 
force–displacement relation, at which the TCAMs can be 
regarded as a linear spring element with a spring constant, 
 K1, and the other with a nonlinear force–displacement rela-
tion representing strain hardening associated with the stretch 
of polymer chains. According to Figs. 4 and S2, the spring 
constant decreases with the increase of the training load, 
which can be attributed to the decrease in the line density of 
active coils (number of coils per unit length). From Fig. S1, 
we note that the spring constant increases slightly with the 
increase of the rotational speed for the speed larger than or 
equal to 1250 rpm under the training load of 4.90 N. This 
trend can be ascribed to the tightening of the PET fibers at 
a high rotational speed.

For the nonlinear deformation, we assume that the force 
and displacement can be expressed as F = KΔLn with F as 
the force, ΔL as the displacement, K as a constant, and n as 
the elongation exponent. Using the power-law relationship 
to fit the curves in Figs. 4 and S1-2, we obtain n = 0.7, 0.7, 
and 0.8 for the TCAM-a, TCAM-b, and TCAM-c, respec-
tively. In general, there is no statistical difference between 
the elongation exponent for all the TCAMs.

Figures 5 and S3-4 in Supplementary Information illus-
trate the effects of the training load and rotational speed on 
the actuation distance and actuation force under different 
applied voltages. It is evident that increasing the training 
load causes increases in both the actuation distance and 

actuation force. Such a trend can be attributed to the increase 
in the stretch of the polymer chains with increasing the train-
ing load without the occurrence of relative slip of polymer 
chains. According to Fig. S3, both the actuation distance 
and actuation force increase first with the increase of the 
rotational speed and then decrease with further increasing 
the rotational speed. Such behavior implies the occurrence 
of relative slip of polymer chains under a larger rotational 
speed, which results in the loss of the actuation capacities.

From Figs. 5 and S3-4, we note that both the actuation 
distance and actuation force increase with the increase of 
applied voltage. Such behavior is due to the increase of Joule 
heating with applied voltage. It is known that Joule heat is 
proportional to the square of electric voltage and inversely 
proportional to the resistance. Increasing applied voltage 
leads to the increases of Joule heating and the temperature 
of the system, which result in the contraction of the TCAMs.

Figure 6 presents I-V curves of TCAMs at a scanning rate 
of 0.1 V per 0.5 s. All the I-V curves consist of three stages 
of an initially linear stage for small voltage, a second stage 
for the rapid increase in electric current, and a third stage 
for a small increase in electric current to reach a plateau 
(1 A). Note that the largest current allowed was set to be 1 
A in the tests to protect the instrument. The initially linear 
stage represents the Ohmic behavior with a linear increase 
of electric current with the applied voltage. From Fig. 6a, 
c, we note that the slope of the initial linear stage (conduct-
ance) decreases with the increase of the training load. The 
mechanism for such a decrease in conductance is unclear. 

Fig. 3  Stress–strain curves 
of Ag-coated PET fibers for 
different tensile speeds: a PET 
fiber of 0.48 mm in diameter, 
and b PET fiber of 0.25 mm in 
diameter
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Table 2  Mechanical properties of Ag-coated PET fibers

PET fibers Ag thickness 
(μm)

Tensile speed (mm/min) 1 5 10 50

0.48 mm 2.9 Fracture stress (MPa) 307.65 ± 2.82 357.67 ± 3.04 365.52 ± 2.87 372.88 ± 3.31
Young’s modulus (GPa) 7.32 ± 0.09 7.59 ± 0.14 8.55 ± 0.13 8.72 ± 0.16
Yield point (MPa) 98.09 ± 0.62 116.56 ± 0.83 118.87 ± 0.95 127.22 ± 1.04

0.25 mm 21.5 Fracture stress (MPa) 252.29 ± 1.37 273.36 ± 2.23 309.41 ± 2.68 333.62 ± 3.15
Young’s modulus (GPa) 7.71 ± 0.09 8.13 ± 0.13 8.57 ± 0.16 9.08 ± 0.17
Yield point (MPa) 120.12 ± 0.73 123.01 ± 0.93 132.58 ± 1.05 142.62 ± 1.12
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It might be due to the decrease of the line density of active 
coils, which reduces the cross-sectional area of the TCAMs, 
leading to the increase in the resistance.

The rapid increase in electric current in the second stage 
is likely due to the intimate contact between coils due to 
the large contraction at a large voltage. Further increasing 
voltage causes an increase in the contact area between coils, 
leading to a significant decrease in resistance and a signif-
icant increase in the current. The plateau behavior in the 
third stage is due to the limited increase in the contact area 
between coils after the second stage. This is because of the 
nonlinear correlation between the contact area and the con-
tact load. There is only a limited increase in the contact area 
with further increasing the voltage. Note that the plateaus in 
Fig. 6a, b were due to the limit of 1 A set for electric current 
to protect the instrument.

According to Fig. 6b, increasing the rotational speed 
increases the conductance in the initially linear stage. Such 
behavior can be attributed to the conductance dependence 
on the line density of coils. Increasing the rotational speed 
increases the line density of coils (Table 1), which increases 
the probability of the contact between coils, leading to an 
increase in conductance.

To examine if the increase of the electric current is asso-
ciated with the contraction of TCAMs controlled by Joule 
heating, we monitored the temporal evolution of the electric 
current under the action of a constant voltage. Figure 7 pre-
sents the temporal evolution of electric current in TCAM-a 
under different constant voltages for two different training 
loads of 1.96 (Fig. 7a) and 4.90 N (Fig. 7b). It is evident that 
applying an electric voltage led to an instantaneous increase 
of electric current, representing the Ohmic behavior of the 

Fig. 4  Force–displacement 
curves of TCAM-a at different 
tensile speeds for different train-
ing loads of a 1.96 N, b 2.94 N, 
c 3.92 N, and d 4.90 N
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Fig. 5  Effects of training load 
on a actuation distance and b 
actuation force for TCAM-a
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structures. There exists an incubation period, in which the 
electric current remains approximately unchanged. After the 
incubation period, the electric current increases rapidly and 
approaches plateaus eventually. This behavior is attributed 
to the Joule heating, which causes the contraction of the 
TCAMs and the contact of the coils, leading to the decrease 
of the system resistance. After the system reaches a steady 
state, both the contraction of the TCAMs and the contact 
of the coils do not change with time and the electric cur-
rent remains constant afterward. Note that the maximum 
electric current in Fig. 7 was limited to 0.95 A to protect 
the instrument.

Figure  8 shows the variation of the instantaneous 
electric current with electric voltage for the TCAM-a 
trained by two different training loads of 1.96 and 4.90 N. 

The electric current is a linearly increasing function of 
the electric voltage. Using linear regression to fit the 
experimental data in Fig. 8, we obtain electric conductance 
of 0.086 and 0.072 Ω−1 for the TCAM-a trained with the 
training loads of 1.96 and 4.90 N, respectively. Using 
Fig. 6a, we obtain electric conductance of 0.061 and 0.041 
Ω−1 for the TCAM-a trained with the training loads of 1.96 
and 4.90 N, respectively. There exist differences in the 
electric conductance between the ones calculated in Fig. 8 
and the corresponding ones from Fig. 6a, which might be 
due to the differences in the voltage range. The electric 
conductance calculated from Fig. 6a is for the electric 
voltage in a range of 0 to 2.4 V, and the corresponding 
ones calculated from Fig. 8 are for the electric voltage in 
a range of 2.5 to 4 V.

Fig. 6  I-V curves of TCAMs: 
a TCAM-a, b TCAM-b, and c 
TCAM-c. The scanning rate is 
0.1 V every 0.5 s
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Summary

In summary, we have prepared Ag-PET twist-coiled struc-
tures, which function as artificial muscles under electrother-
mal actuation. The principle of electrothermal actuation is 
the Joule heating associated with the passing of an electric 
current. The tensile deformation of the Ag-PET twist-coiled 
structures consists of an initial linear elastic deformation and 
a nonlinear deformation. The spring constant of the initial 
linear elastic deformation decreases with the increase of the 
training load, which can be attributed to the decrease in the 
line density of active coils (number of coils per unit length). 
The elongation exponent is in a range of 0.7 to 0.8.

We have studied the electrothermal actuation of the 
Ag-PET twist-coiled structures and the corresponding cur-
rent–voltage relation and temporal evolution of electric cur-
rent under a constant voltage. Increasing the training load 
increases both the actuation distance and actuation load, and 
both the actuation distance and actuation load increase first 
with the increase of the rotational speed and then decrease 
with further increasing the rotational speed. Both the actua-
tion distance and actuation load increase with the increase 
of applied voltage due to the increase of Joule heating with 
applied voltage.

All the current–voltage curves consist of three stages of 
an initially linear stage for small voltage, a second stage for 
the rapid increase in electric current, and a third stage for 
the small increase in electric current to reach plateau. The 
initially linear stage represents Ohmic behavior with a linear 
increase of electric current with the applied voltage. The 
rapid increase of electric current in the second stage is due to 
the intimate contact between coils associated with the large 
contraction at a large voltage, and the limited increase in the 

contact area between coils after the second stage leads to the 
plateau behavior in the third stage. The temporal evolution of 
electric current under a constant voltage further supports the 
effect of Joule heating on the change of the contact between 
coils. Increasing the electric voltage shortens the incubation 
period for the rapid increase of the electric current.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10965- 022- 03233-w.
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