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Abstract
As a new class of thermally activated actuators based on polymeric fibers, we investigated
polyethylene terephthalate (PET) yarns for the development of a twisted-coiled polymer fiber
actuator (TCA). The PET yarn TCA exhibited the maximum linear actuation up to 8.9% by
external heating at above the glass transition temperature, 160 °C–180 °C. The payload of the
actuator was successfully correlated with the preload and training-load conditions by an
empirical equation. Furthermore, the PET-based TCA was electrically driven by Joule heating
after the PET surface was metallization with silver. For the fast and precise control of PET yarn
TCA, electroless silver plating was conducted to form electrical conductive layers on the PET
fiber surface. The silver plated PET-based TCA was tested by Joule heating and the tensile
actuation was increased up to 12.1% (6 V) due to the enhanced surface hardness and slippage of
PET fibers. Overall, silver plating of the polymeric yarn provided a fast actuation speed and
enhanced actuation performance of the TCA actuator by Joule heating, providing a great
potential for being used in artificial muscle for biomimetic machines including robots, industrial
actuators and powered exoskeletons.

Keywords: twisted-coiled fiber actuator (TCA), electroless silver plating, Joule heating, artificial
muscle

(Some figures may appear in colour only in the online journal)

1. Introduction

Soft actuators such as dielectric elastomers, carbon nanotubes,
and shape memory polymers have been investigated in variety
of applications, including humanoid robots, prosthetic limbs,
and exoskeletons [1–5]. Most of these actuators are electrically,
magnetically, or thermally activated. Electro-thermally driven
shape memory alloy [6] can contract and deliver large strokes

under heavy load, but it is expensive and hysteretic, which
makes them somewhat challenging for robotic applications
[7–9]. Thermally powered shape memory polymers have low
work capacity [10, 11]. Polymeric electric field driven elec-
trostrictive elastomers and relaxor ferroelectrics [12–14] are
attractive because of their large strokes and high efficiencies
but they would be difficult to be utilized as muscle-like fibers
because of high electrical fields and low actuation power.
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Recently, a new class of thermo-mechanical actuators
was reported [15] demonstrating that certain polymers may
provide high actuation power in the relevant temperature-
induced linear actuation if they are properly twisted and
eventually coiled. This new twisted-coiled fiber actuator
(TCA) shows impressively high specific power and high
stroke [35]. The actuation performance, i.e., payload and
maximum strain, of TCA is influenced by fabrication load
conditions (preload and training loads) but their relationship
is not identified yet. Thus, it is considered imperative to
understand the effects of fabrication load conditions on the
actuator performance to achieve the maximum actuation
performance of TCA in a controllable way. Since the TCA is
actuated by heating, the electrical heating is considered ideal
in light of speed and controllability compared with the
external heating by air or liquid. For being actuated by
electrical heating, the TCA should be metallized in an
appropriate manner.

Among various candidate fibers that could be used as a
metallized TCA, the polyethylene terephthalate (PET) fiber is
commercially available in various forms and it has reactive
sites of hydroxyl group and carboxylic acid group on the
surface, which is different from other non-reactive fibers like
polyethylene [15]. The reactive sites can be used for the
surface metallization, which subsequently allows electrical
heating and activation. The PET fiber is highly crystalline and
hydrophobic by nature with excellent properties, such as
dyeability, processability, thermostability, and dimensional
stability [16]. For the development of electrically driven
actuators, the PET fiber surface can be activated by a strong
alkali solution and, subsequently, metal layers (i.e., electrode
layers) deposited via various electroless plating techniques
[32–34]. When the PET-based TCA is metallized on the fiber
surface, the surface hardness and slippage may well be
changed in a favorable way in the coiling-uncoiling reversible
actuation of fiber bundles. The metal-deposited PET fibers
can further be used for smart functional textiles, which have
potential applications for antibacterial materials, conductive
shields, electronic sensors, heating elements by Joule heating,
etc [17–19].

Surface coating such as electroless metal plating [20] is a
common method to make an electrical conductive layer on the
surface of substrate and it enables thermal activated actuator
to drive electrically by Joule heating. Polymer metallization
has attracted a great deal of attention and been extensively
studied over the years. Providing that the metal constituent
can be firmly bound or adhered to the polymer substrates,
they can be coated with aluminum [21], copper [22], silver
[23], gold [24], and nickel [25]. Gold provides excellent
conductivity properties but it is expensive. Nickel, aluminum
and copper also display good electrical conductivities but are
susceptible to oxidation, resulting in the degradation of
desirable properties such as quality and stability. In compar-
ison with those metals, silver may be an appropriate metal
source in such applications as coating layers for polymer
surfaces. When silver is coated on the polymer surfaces, the
functionalities such as thermal conductivity and mechanical
strength could be favorably changed for the development of

thermally activated actuators. Electroless silver plating [26]
refers to the autocatalytic or chemical reduction of silver ions
and subsequent plating onto substrates in aqueous media,
which has been applied to various non-conductive polymeric
materials including the PET substrate. We believe that the
silver-coated PET-based TCA can be actuated by the elec-
trical power of Joule heating in a quick and consistent man-
ner, which is needed for the development of electrically
driven actuator modules. Joule heating, by passing a current
through a conductive coating on the surface of the fiber, is a
convenient method of controlling actuators [27, 36].

In this study, fabrication and actuation loading condi-
tions, which influenced tensile actuation performance of
twisted-coiled PET yarn actuator (TCA), were investigated
experimentally under different loads such as preload (Fpre),
training load (Ftr), and payload (Fpay). In addition, influence
of Ftr condition was confirmed and empirical equation was
investigated. Finally, electroless silver plating was conducted
to form electrical conductive layer for the fast and precise
control of PET yarn TCA. Silver layer was successfully plated
on the surface of PET yarn. Electrically driven of silver plated
PET yarn TCA was performance-tested.

2. Experimental

2.1. Materials

PET fiber (yarns) (640D, 550 μm) used in this study were
purchased from Embro Co. (Korea). Silver nitrate, tin chlor-
ide dihydrate, ammonium hydroxide, Rochelle salt, and
hydrazine monohydrate of analytic grade were obtained from
Sigma-Aldrich. All the reagents were used without further
purification.

2.2. Fabrication of PET yarn TCA and actuation performance
analysis [15]

As seen in figure 1, a PET yarn TCA was connected at its top
end to a rotating motor and the bottom end to a suspended
mass (preload, Fpre), which kept the yarn in tension at a
constant force. The bottom end was constrained to prevent
rotation around the vertical axis thus one turn of the motor
added one turn of twist to the yarn. In the range of loads, after
several turns the yarn formed a coil shape. The initial length
of PET fibers for TCA was 50 cm and the final TCA becomes
about 10 cm depending on Fpre after twisting. Heat treatment
of the coil under training load (Ftr) caused the gaps of the
coils to decrease in length causing the whole to actuate.
Heating and cooling of TCA were repeated over ten times.
The load-carrying capabilities of PET yarn TCA had been
conducted using 10% of constant pre-strain. The strain pro-
files were measured by a load cell as functions of temperature
80 °C, 100 °C, 120 °C, 140 °C, and 160 °C. The ultimate
strain or actuation performance was determined when the
TCA length reaches an equilibrium state where the TCA
motion stops. The equilibrium was reached after ca 1 min for
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the external heating and ca 10 s for the electrical Joule
heating.

2.3. Preparation of electroless silver plating on PET yarns

PET yarns were sonically cleaned in acetone, ethanol, and
deionized (DI) water, respectively, for 10 min and dried at
40 °C in the oven. After drying, the cleaned PET yarns were
sensitized by a sensitization solution containing 10 g l−1 tin
chloride dihydrate and 10 ml l−1 hydrochloric acid in DI
water at 25 °C for 10 min The sensitization process formed a
thin layer with stannous ions (Sn2+) in order to help obtain
uniform deposition of silver. The sensitization yarn was
rinsed with DI water. After the sensitization process, silver
was deposited on the sensitized PET yarn surface through the
chemical electroless silver plating process. In the deposition
process, the PET yarns were immersed in the plating bath
composed of plating solution A and B. Plating solution A
contained silver nitrate (6.8 g l−1, ammonium hydroxide
(some drops), and DI water. Plating solution B was made up
of Rochelle salt (30 g l−1, ethanol (20 ml l−1, and DI water.
The metallizing baths were composed of two separate baths
solution A and B. One was silver ion solution (plating solu-
tion A) and the other was reducing agent solution (plating
solution B). It was necessary to prepare plating solution A and
B separately as their mixtures were unstable and unusable to
form a reaction with the pretreated PET yarns. Hence, they
were mixed only when the pretreated yarn was ready for
plating. For the preparation of the plating solution A, the
AgNO3 was mixed with NH4OH solution. The solution
became transparent by continuous droplet of NH4OH solution
to the bath. This clear solution was named Tollens’ regent or
ammoniacal silver nitrate solution. During this process, the
solution was prepared under a constant rate of magnetic

stirring. When the plating solution A was mixed with solution
B, the color of the yarn changed after it was put into the silver
plating bath for 10 min After the silver plating, the metallized
PET yarns were rinsed with DI water and then air dried.

2.4. Materials characterization

Storage modulus and dimensional change in axial direction of
PET yarns were measured using a dynamic mechanical ana-
lyzer (DMA, RSA-G2) and thermos mechanical analyzer
(TMA, EXSTAR 6000), respectively. The structural
morphologies of the PET yarns were investigated by a Hitachi
S-240 scanning electron microscope (SEM). SEM samples
were sputter-coated with gold in a vacuum sputter coater
before observation. Crystal structures of pristine and silver

Figure 1. Schematic of TCA fabrication. Twist insertion (A), and training (B) under preload (Fpre) and training load (Ftr), respectively.

Figure 2. Dimensional change (A) and storage modulus of PET yarn
(A) measured up to 200 °C, 5 min–1 of heating rate in nitrogen flow.
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plated PET yarns were characterized by an Ultima IV x-ray
diffraction (XRD).

3. Results and discussion

3.1. Thermo-mechanical properties of pristine PET yarn

Figure 2 shows dimensional change and storage modulus of
PET yarn. The dimensional change of PET yarn was 1.5% at
200 °C (figure 2(A)). The storage modulus of PET yarn was
70MPa at 40 °C and gradually increased up to 1135MPa at
100 °C (figure 2(B)). The storage modulus of PET yarn
increased up to 100 °C with temperature, which is quite
unusual in most material systems. Not surprisingly, this
transition from a modest negative thermal expansion to a
large negative thermal expansion occurred around the yarn’s
glass transition temperature. A similar trend was seen in TCA
in that, while not as pronounced, there was a low-temperature
region of small actuation and a higher-temperature region of
large actuation, with the transition between these regions at
around glass transition temperature [15]. PET yarns have a
negative thermal expansion in the axial direction. Unlikely
with most materials; however, many yarns contract when

heated. This behavior is called thermal contract, or negative
thermal expansion [29]. Although their corresponding non-
fibrous materials have positive thermal expansion, polymer
yarns have negative expansion because of the molecular
orientation of polymer chains. Oriented polymer chains have
the tendency to increase the entropy of the system and return
to coiled conformations. However, oriented polymer chains
are frozen at under glass transition temperature. When heated,
the increased thermal vibrations allow the polymer chains to
coil on themselves, resulting in negative thermal expansion.
Although polymer yarns have negative thermal expansion,
their area and volumetric thermal expansion are increased
since polymer yarns expand in the radial direction maintain-
ing the total volume constant, or incompressible nature of
most solid polymers.

3.2. Actuation performance analysis of pristine PET yarn TCA

Figure 3 shows the tensile actuation performance of PET yarn
TCA under various preload (Fpre), training load (Ftr), and
payload (Fpay) conditions. Different coil shapes could be
obtained by varying the value of the preload during twisting.
High Fpre originated coils result in small coil index. The
tensile actuation and load-carrying capabilities of TCA could

Figure 3. Tensile actuation analysis of PET yarn TCA at Fpre 300 g (A), 400 g (C), and 500 g (C). Fabrication load condition versus Fpay at
maximum tensile actuation load plot (D).

4
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be varied by adjusting the coil spring index. The applied Fpre

was critical, as an insufficient Fpre allowed formation of snarls
instead of coils, and overload resulted in yarn rupture during
twisting. After just enough twist was inserted to fully coil a
yarn, further heat treatment while under Ftr could be per-
formed to make the gaps which were able to actuate between
each coils.

In order to investigate the maximum tensile actuation
performance of PET yarn TCA, tensile actuation analysis was
measured with different load conditions. The load conditions
that showed maximum tensile actuation was applied to make
PET yarn TCA in order to analyze the tensile actuation and
load-carrying capabilities. Figure 3 is generated by extensive
amount of experiments: for example, when TCA was fabri-
cated with 300 g of Fpre (figure 3(A)), which can be trained by
heat treatment with 500–700 g of Ftr, the tensile actuation
Fpay can be obtained by changing the loading conditions
between 300 and 600 g. Subsequently, the maximum tensile
actuation resulted in 7.0% at 600 g of Ftr under 450 g of Fpay.
Similarly, when Fpre was 400 g (figure 3(B)), the maximum
tensile actuation had shown 8.6% at 600 g of Ftr under 500 g
of Fpay. Also, when the Fpre was 500 g, a 6.9% of maximum
tensile actuation was achieved at 700 g of Ftr under 600 g of
Fpay. Comparing the deformations obtained at different
loading conditions, the maximum tensile actuation can be
achieved. Since these three loading conditions of Fpre, Ftr, and
Fpay changes in a complicated way, it is quite difficult to find
the preload and training load conditions to achieve a certain
payload conditions. In our repeated experiments and analysis,
we proposed a simple empirical equation (1) that relates those
three loadings of of Fpre, Ftr, and Fpay, viz

( ) ( )=
+

F
F F

maximum tensile actuation
2

. 1pay
pre tr

Figure 3(D) shows the plot of equation (1) compared
with the experimental data in the Fpay at maximum tensile
actuation of PET yarn TCA. It clearly demonstrates the
validity of equation (1). It should be mentioned that
equation (1) can be used to decide the TCA preload and
training load conditions to achieve the maximum payload that
we could possibly have. In other words, the x-axis give the
conditions of preload and training load used in fabrication of
TCA, and the y-axis gives the maximum payload of the TCA.

3.3. Influence of PET yarn TCA training conditions

Figure 4 shows the structures of fabricated TCA with 400 g of
Fpre and heat treated with 500, 900, and 1300 g of Ftr,

Figure 4. SEM images of after training process under different Ftr 500 g (A), 900 g (B), and 1300 g (C).

Figure 5. Φ versus tensile actuation performance plot under various
Fpre and Ftr conditions.
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respectively. As the Ftr increased, the coil bias angle (the
angle between TCA axis and coils) increased from 30°, 46°
and 50°, and the twisted yarns diameter decreased from 885,
845, and 518 μm. In addition, the coil diameter was increased
from 1699, 1741, and 1837 μm. If the gap between each coil
is not sufficient to actuate, TCA will not have enough space
for contraction by heating. In the same vein, if TCA has
excessive gaps, they cannot restore to the original state. It
clearly represents the importance of the meta-stable forms
developed by the training conditions, which are closely
associated with the performance of coiled actuators.

Figure 5 shows the master plot of PET yarn TCA under
different Fpre conditions. Using equation (1), Φ may be
defined in order to exhibit the conditions that the maximum
tensile actuation could be achieved from different load
training conditions of Fpre and Ftr:

( )
( )F = ´

+

F

F F
2

maximum tensile actuation
. 2

pay

pre tr

In figure 5 plotting the tensile actuation as a function of
Φ, three different preload conditions are marked as different
shaded areas. As can be seen, the PET yarn TCA exhibits
maximum tensile actuation at around 1 of Φ value for dif-
ferent preload conditions, which confirms the validity of
equations (1) and (2). The significance of Φ is that the
maximum actuation of the TCA’s can be achieved by
adjusting the Φ values to be 1.0 for different Fpre, Ftr and Fpay

conditions.

3.4. Surface morphology and element analysis of silver plated
PET yarn

The TCA can be actuated by heating gun but was replaced
with electrical Joule heating. We used silver for the electrical
path in PET yarn TCA using electroless plating on the surface
of PET yarn. Figure 6 shows the surface morphology of
before (figure 6(A)) and after silver plated PET yarn
(figure 6(B)). The pristine PET yarn showed a smooth surface
and the silver deposited PET yarn was compact and

continuous on the PET yarn. It exhibited that the yarn surface
was well covered by silver particles.

The XRD patterns of PET yarn before and after the silver
plating are shown in figure 7. The characteristic diffraction
peaks appeared in the 2θ=17.6°, 22.7°, 26.0°. In the silver
plated PET fiber, the diffraction peaks appeared in the
2θ=38.2°, 44.3°, 64.5°, and 77.4°, each corresponding to
(111), (200), (220), and (311) plane of silver crystallite,
respectively. The oxidation state of silver was not detected in
the plating. All these showed that the silver was successfully
deposited on the surface of yarn [26, 28]. On the basis of the
diffraction peaks of the (111) planes, the average size of the
silver crystallites in the silver plating layer are calculated from
XRD pattern by the Scherrer equation (3) [30]. The Scherrer
constant, k, was 0.9 and wave length of x-rays, λ, was
1.5404 Å. True width of a diffracted line caused by restricted
crystallite dimension, β, and Bragg’s angle, θ, was measured
by using XRD and the average size of the silver crystallite is

Figure 6. SEM images of pristine PET yarn (A) and silver plated PET yarn surface (B).

Figure 7. XRD patterns of pristine PET yarn and silver plated
PET yarn.
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about 40 nm.

( )l b q=D k cos . 3

3.5. Actuation force analysis and tensile actuation of silver
plated PET TCA by Joule heating

Figure 8(A) shows the load-carrying capability of pristine
PET yarn TCA and silver plated PET yarn TCA activated by
a heating gun. Actuation force test had been conducted using
10% of constant pre-strain. As expected, force increased with
rising temperature and the dependence of the produced load
over the temperature appeared linear. Nominal stress profiled
as a function of temperatures at 80 °C, 100 °C, 120 °C,
140 °C, and 160 °C. 357MPa and 368MPa of nominal stress
were measured corresponding to pristine and silver plated
PET yarn TCA, respectively. Silver coating seemed to
increase tensile modulus of silver plated PET yarn, giving as
increased nominal stress [15]. It also should be addressed that
the surface slippage or hardness might facilitate recoiling
of TCA.

Figure 8(B) shows the tensile actuation of silver plated
PET TCA by Joule heating. The silver plating offered linear
resistance of 150Ωm−1 of the TCA in the relaxed state. The
applied voltage was gradually increased from 3 to 6 V.
Maximum tensile actuation of silver plated PET yarn TCA
was 12.1% at 6 V. It showed fast tensile actuation compare
with external heating [31]. In addition, electrically driven
TCA by Joule heating should facilitate quick and comfortable
operation and provide potential for being used in artificial
muscle for biomimetic machines including robots, industrial
actuators and powered exoskeletons.

4. Conclusions

TCA by using PET yarn was fabricated and simply driven by
external heating. The maximum tensile actuation of pristine
PET yarn TCA was 8.9% when Fpre, Ftr, and Fpay were 400,

600, and 500 g, respectively. In addition, influence of training
load condition was confirmed and empirical equation, ‘Fpay

(maximum tensile actuation)=(Fpre+Ftr load)/2’, was
investigated. For the fast and precise control of PET yarn
TCA, electroless silver plating was conducted to form elec-
trical conductive layer. Silver layer was successfully plated on
the surface of PET yarn. Electrically driven of silver plated
PET yarn TCA was tested by Joule heating and 12.1% of
tensile actuation was resulted at 6 V.
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