
Compliant and Large-Strain Twisted String Actuators using
Supercoiled Polymers

Jun Zhang, David Bombara, Steven Fowzer, and Cianan Brennan

Abstract— Twisted string actuators (TSAs) can produce lin-
ear motions by converting the electric motor’s rotary motion.
TSAs exhibit high power density, energy efficiency, and trans-
lational force. However, a common challenge in utilizing TSAs
as soft and compliant actuators is to simultaneously increase
their compliance and maximum strain. Previous studies pre-
dominantly utilized strings with high stiffness. Recent studies
attempted to use strings with low stiffness with a sacrifice
of maximum strain, especially under large loading conditions.
In this paper, a novel strategy is proposed to simultaneously
increase the compliance and maximum strain of TSAs. By
replacing stiff strings with stretchable and coiled nylon strings,
called supercoiled polymer (SCP) strings, the compliance of
the TSA is increased. Furthermore, by heating the TSA with
SCP strings through Joule heating, additional linear contraction
is obtained. The fabrication procedure of the proposed TSA
is provided. Experimental characterizations of stiffness and
actuation properties are conducted with different actuator
configurations and loading conditions. Experiments confirm the
enhanced performance of the proposed TSA using SCPs.

I. INTRODUCTION

Compliance and maximum strain are two key performance
metrics of soft actuators. It is crucial that actuators are
compliant, such that the generated robot motions are effec-
tive and safe to the soft robot body and the surrounding
environment [1]. Compliance is one of the most important
advantages in soft robotic systems such as collaborative
robots, medical robots, and robotic exo-suits over their rigid
robot counterparts [2]–[6]. The maximum strain of the soft
actuators, being another important property, directly affects
the maximum range of robot motion. For example, robotic
grasping can be realized when the soft bending actuator can
generate sufficiently large motions [7].

As an emerging artificial muscle technology, the twisted
string actuator (TSA) has attracted a lot of attention in
the soft actuators and robotics community as a promising
actuation mechanism [3]. By co-axially connecting one end
of the strings to a motor and the other end to a load, a TSA is
created and can generate up to 30% linear contraction when
the motor is rotated [8]–[10]. Compared with conventional
electromagnetic motors, rigid gears and linkages, TSAs can
output higher translational force with lower input torque. In
addition, they have better biomimicry and compliance; the
strings resemble muscle fibers and are less rigid [3], [11].
Furthermore, TSAs produce an overall power efficiency of
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Fig. 1. The structure of (a) a supercoiled polymer (SCP) string. (b) A
schematic (left) and photograph (right) of a twisted string actuator (TSA)
consisting of two SCP strings. One SCP string is highlighted in red. (c).
Actuation of a TSA using SCP strings. Around 35% strain was generated.

72%-80%, a power density of 0.5 W/g or higher, and are
structurally simple and low cost [10], [12], [13]. With those
desirable properties, TSAs have been employed in a variety
of soft and compliant robotic systems. These include robotic
fingers, robotic hands, assistive robots, robot exoskeletons,
and tensegrity robots [13]–[15]. To fully realize the potential
of TSAs as soft and compliant actuators, a common chal-
lenge must be overcome: to simultaneously increase their
compliance and maximum strain.

Firstly, the existing studies on TSAs predominantly uti-
lized strings with high stiffness and low compliance. The
most commonly used string is made from ultra-high-
molecular-weight polyethylene (Dyneema and its deriva-
tives), whose stiffness (normalized to the unit length) is
larger than 5000 N [10], [15], [16]. The normalized stiffness
of TSAs is often higher than 3000 N [10]. TSAs with
variable stiffness have been studied in different actuator
configurations. However, the lowest achievable stiffness for
20-35 cm-long strings was still higher than 4000 N/m [17].
With such a high stiffness, the string could be considered
to be inextensible and rigid, thus simplifying the model of
the TSA [9], [10]. The strings with high stiffness enable
high force output of over a few hundreds of Newtons.
The high stiffness also enables enhanced repeatability and
lifetime to over a few thousands of cycles [13], [18]. In
the meantime, however, the high stiffness inevitably limits
TSAs in soft robotic applications where high compliance
is strongly important, such as collaborative robots during
physical human-robot interaction and rehabilitative robots.

Secondly, while recent studies attempted to use strings
with lower stiffness, the maximum strain of TSAs was



decreased, especially under heavy loads. We recently re-
alized position estimation of TSAs using self-sensing by
replacing regular Dyneema strings with stretchable and
conductive coiled nylon strings, called supercoiled polymer
(SCP) strings [11] and measuring their resistance change.
The compliance of the corresponding TSA was significantly
increased with the smaller stiffness of SCP strings. However,
the maximum strain decreased with increased compliance,
especially under higher loading conditions. For example, the
measured strain of the TSA with two 4-ply and 8-ply SCP
strings was only 9.1% and 8.4% under a 250 g load and 700 g
load, respectively [11].

SCP strings (Fig. 1a), or twisted and coiled polymer
strings, can be efficiently manufactured by twisting and
coiling polymer threads or fibers, such as nylon fishing
lines, nylon sewing threads, and carbon nanotube yarns [19]–
[21]. SCP strings have been successfully employed as either
sensors or actuators. Besides our recent work [11], SCP
strings were adopted as position sensors in other studies
[22], [23]. Furthermore, as actuators, they generate large
contractions under thermal stimuli [19], [24]–[27], often
realized by Joule heating. SCP strings have been utilized
in various applications, such as robotic fingers and hands,
soft robots, and wearable and haptic devices [28]–[32].

By integrating SCP strings into other soft and compli-
ant actuators, enhanced functions and performance can be
obtained. For example, variable stiffness of soft robots was
realized by integrating SCP strings into a soft pneumatic
actuator [33]; A powerful and large stroke soft actuator was
obtained by combining an SCP actuator with a shape memory
alloy actuator [34]. To the best knowledge of the authors,
there is no report of incorporating the actuation capability of
SCP strings into TSAs.

In this paper, we propose compliant and large strain TSAs
using SCP strings. By replacing regular high-stiffness TSA
strings with stretchable SCP strings, the compliance of TSAs
is increased (Fig. 1b). Furthermore, by actuating the twisted
SCP strings via Joule heating, additional contractions are
obtained, thus increasing the maximum strain of the proposed
TSAs (Fig. 1c). The fabrication procedure of the proposed
TSAs is provided, and experimental characterizations of
stiffness and actuation properties are conducted. Experiments
confirm the enhanced compliance and actuation performance
of the proposed TSAs using SCP strings. The main contri-
butions of this work are as follows:

• An effective approach to manufacture TSAs that are
compliant and generate large strain by replacing regular,
highly stiff TSA strings with SCP strings of lower stiff-
ness. The compliance and superior actuation properties
of the SCP strings were adopted to enhance the overall
performance of TSAs.

• The successful experimental characterizations and val-
idation of the proposed TSAs in terms of enhanced
compliance and actuation properties. Different actuator
configurations and operation conditions were consid-
ered, including actuator diameters, loading conditions,
voltage inputs, and the number of twists.

Fig. 2. The manufacturing process of the TSA using SCP strings.

II. DESIGN AND FABRICATION

A. Design and Operation Considerations

In this study, the compliance and actuation properties of
the proposed TSAs are tested. The following procedures and
considerations for experimentation are adopted:

• Each fabricated TSA consists of two SCP strings with
the same lengths and diameters. Although existing stud-
ies have successfully attempted to adopt different num-
bers of strings to construct TSAs [17], the configuration
of two strings is most widely adopted.

• TSAs with different diameters are tested. The TSA
diameter is changed by modifying the ply-number,
which is the number of nylon threads used to construct
SCP strings. In this study, silver-plated nylon 66 threads
(110/34 dtex Z turns High Conductive Yarn, V Technical
Textiles) were used.

• The TSA elongates with an increased load. Therefore,
the TSA’s compliance is quantified by the stiffness
values of the SCP strings and the corresponding TSA.
As the stiffness changes with the string and/or actuator
length, the normalized stiffness with respect to the
length unit is adopted, following existing studies [9],
[10]. The unit of the normalized stiffness is N, rather
than N/m.

• The TSA contracts when the motor is rotated. The
determination of the maximum strain of the TSA is
obtained at the following condition: additional motor
rotations will not generate additional linear contractions
for the TSA, but will start generating a coiled and
buckled structure, rather than a normal twisted and taut
structure.

B. Fabrication Procedure

The fabrication of the proposed TSA consists of 4 steps.
The schematic of the procedure is shown in Fig. 2.

1) Step 1: Coil Polymer Strings: Following our recent
studies [24], [35], coiled polymer strings with a given ply
number are fabricated first. The top end of the nylon string
is attached to a motor, and the bottom end is attached to a



load. When the motor is sufficiently rotated, the string will
be coiled. Once the string is fully coiled, the coiled thread
is double-backed on itself to form a stable structure. For a
3-ply SCP string, a 170 g load was used.

2) Step 2: Heat Treat SCP Strings: The SCP strings
created after coiling the threads fabricated in Step 1 are
heat treated. While heat treatment in an oven is feasible
[19], this study utilized Joule heating, where electrical power
pulses are applied to the SCP strings [19], [28]. The heat
treatment was done in approximately 10 cycles of power
pulses (7-10 seconds on, 90 seconds off) with a peak voltage
of 24 V and peak current of 0.53 A. The load for 4-ply
SCP strings were 200 g. The peak currents for 4-ply SCP
strings were 0.70 A. After the pulses, the coiled threads no
longer elongate and repeatedly generate around 15% strain.
The resting lengths of the fabricated SCP strings ranged
from 28 cm to 32 cm. During our preliminary testing, it was
found that TSAs manufactured without this step exhibited
inconsistent performance.

3) Step 3: Fully Twist Two SCP Strings: Once SCP strings
are created in Step 2, two SCP strings of equal length and
diameter are used to form a TSA structure, where the top
ends are connected to a motor and the bottom ends are
connected to a load. The motor is twisted until maximum
strain is generated. Fig. 2 shows the twisted SCP strings.
The SCP strings are golden in color and one is highlighted
in red. This step is to maximize the contact between the SCP
strings such that a complete heat treatment can be conducted
in Step 4.

4) Step 4: Heat Treat TSAs using SCP Strings: Finally,
the fully twisted SCP strings are heat treated again. Although
SCP strings were heat treated in Step 2, it was found that the
fully twisted SCP strings can be further heat treated. This
is likely due to the changed actuator configuration, where
the SCP strings in this step are twisted around each other.
Similar to Step 2, an electrical power pulse is applied to the
twisted SCP strings. The proposed TSAs using SCP strings
are created when 15% strain can be obtained. After heat
treatment, the TSA is slightly elongated. For example, for a
TSA consisting of two 3-ply SCP strings, the heat treatment
was conducted in approximately 5 cycles of power pulses
(10 seconds on, 100 seconds off) with peak voltage of 10 V
and a peak current of 0.86 A.

C. Fabrication Results

In this study, TSAs with two different diameters were
fabricated. Each TSA consisted of two SCP strings with
the same lengths and diameters. Different ply numbers (3
and 4) were adopted to create SCP strings. The diameters
of 3-ply and 4-ply SCP strings were 0.72 mm and 0.89 mm,
respectively. It is noted that the diameter of the corresponding
TSA is not provided as the TSA diameter is a function of
the number of motor rotations.

III. EXPERIMENTAL SETUP

The experimental setup is illustrated in Fig. 3. The two
ends of the TSA were attached vertically to a copper-coated

TSA

Sensor

Magnet

Load

Motor

Fig. 3. The schematic (left) and experimental setup (right) for character-
izing and testing the properties of the proposed TSAs.

shaft coupled to a stepper motor (NEMA 17HS4401) and
a load. Either rotating the motor or applying power inputs
to the TSA allowed it to contract and lift a load. A load
and magnet were attached together on a slide to a horizontal
carbon fiber rod. The apparatus was designed to prevent turns
during actuator operation and introduced negligible friction.
The setup was supported by an aluminum T-Slot structural
frame and the slide was guided on a vertical metal pole.
When the TSA contracted, its length was measured by a mag-
netoresistive position sensor (SPS-L225-HALS, Honeywell)
with a sensing range of 225 mm and a resolution of 0.14 mm.
An Arduino Mega 2560 micro-controller board and A4988
motor controller controlled the motor turns. The voltage
inputs were generated with a pulse-width-modulated (PWM)
circuit connected by gator clamps to each end of the TSA.
The position measurements were recorded in LabVIEW with
a National Instruments USB-6001 data acquisition device at
a rate of 20 Hz.

IV. EXPERIMENTAL RESULTS

A. Metric

Since the stiffness of the TSA or SCP string is inversely
proportional to its length, in this study the stiffness normal-
ized with respect to the length unit is adopted [10]:

K = F · L0

L−L0
, (1)

where K is the normalized stiffness, F is the applied force,
L0 is the length of the unloaded TSA, and L is the length of
the TSA under the loading force of F .

The strain is used to quantify the size of the TSA’s
contractions. Assume the TSA is loaded and generates a
strain by either twisting or applying power input to it. The
strain, ∆xu, is written as

∆xu =
xl − x

x
×100%, (2)
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Fig. 4. The (a) experimental correlation and linear fitting and (b) the error of the fitting between the load and the steady-state length of SCP strings with
different ply numbers. (c). The normalized stiffness of the SCP strings with different ply numbers. (d). The motor rotations as a function of time, and (e)
the corresponding transient and steady-state length of the TSA during motor rotations. The experimental correlation between the load and the length of
TSA with (f) 3-ply SCP strings and (g) 4-ply SCP strings under different loading conditions. The corresponding (h) maximum strain and (i) normalized
stiffness.

where xl is the length of the loaded TSA under no twisting
and no power input, and x is the length of the loaded and
actuated TSA. The maximum strain is reached when the
maximum number of twists and the maximum voltage were
applied to the TSA. These maximum inputs were determined
at the point when further increasing the input will either
generate a coiled and buckled structure or snap the TSA.

B. TSA with Passive SCP Strings

In this case, only twisting was used to actuate the TSA.
The SCP strings were purely used as passive strings.

1) SCP Strings: Experiments were conducted to measure
the stiffness of the SCP strings. For a given ply number of
the SCP string, a series of loads were applied to the string.
Each loading condition was held for 60 seconds to ensure
that the steady-state length was reached, similar to [36]. At

the end of each load, the steady-state string length and the
corresponding load were recorded. As Fig. 4(a) shows, the
length-load correlation showed a mild hysteresis nonlinearity,
which was consistent with existing studies [35], [36].

By approximating the length-load correlation with a linear
fitting, the stiffness was obtained. As shown in Fig. 4(a)-(b),
the linear fit was reasonably accurate. The errors of the fit
for 3-ply and 4-ply SCP strings were 0.0037±0.0057 m and
0.0027±0.0042 m, respectively. The computed normalized
stiffness values of 3-ply and 4-ply SCP strings were 24.61
N and 31.88 N respectively, as shown in Fig. 4(c). Note
the unit of the normalized stiffness is N (Section II.A). It
is confirmed that the stiffness values of SCP strings were
significantly lower than the regular TSA strings [16].

2) TSAs: The actuation and compliance studies of TSAs
with passive SCP strings were conducted. The length of TSA
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Fig. 5. (a) The voltage input as a function of time. (b) The corresponding transient and steady-state length measurements of the TSA due to the voltage
input. (c) The steady-state TSA length as a function of motor rotations and voltage inputs. The experimental correlation between the load and the steady-
state length of TSAs with (d) 3-ply SCP strings and (e) 4-ply SCP strings under different loading conditions, motor rotations, and voltage inputs. (f) The
corresponding maximum strain for each configuration.

was measured as a function of load and the number of twists.
As an example, for a TSA with 3-ply SCP strings under 200 g
of load, the input was the motor rotations as a function of
time, shown in Fig. 4(d). Fig. 4(e) shows the corresponding
transient and the steady-state length of the TSA for each
step. To obtain the steady-state value, the last 5% of the
length measurements under each step were averaged. It is
noted that the data showed mild fluctuations, which may
have been caused by the environment or small friction in the
setup. Accounting for noise and disturbances were beyond
the scope of this work.

TSAs with 3-ply SCP strings were tested with loads of
100 g, 150 g, and 200 g. TSAs with 4-ply SCP strings were
tested with loads of 150 g, 200 g, and 250 g. The TSAs’
lengths as functions of the load and the number of twists
were obtained and shown in Figs. 4(f)-(g). Again, mild
hysteresis behaviors were observed, likely due to the physical
properties of SCP strings. The maximum strains of the TSA
with passive SCP strings are provided in Fig. 4(h). It was
computed that the average maximum strains of the TSAs
with 3-ply and 4-ply SCP strings were 17.16% and 25.46%,
respectively.

Fig. 4(i) shows the normalized stiffness of the TSA as
functions of the number of twists and the load. Again, it is
shown that the stiffness of the TSA was much lower than
the existing TSAs with stiff strings. Consistent with existing

studies [10], it was found that the stiffness decreases when
the motor turns are increased. The TSA with 3 ply SCP
strings shows smaller variation with motor turns, which is
likely due to its superior stable structure over the one with
4 ply SCP strings.

C. TSA with Active SCP Strings

The above subsection shows the contraction of the TSA
due to only motor rotations, but additional strain was ob-
tained by further applying power inputs. In this case, the SCP
strings were used as active strings. Both motor rotations and
power inputs were applied to the TSA.

When the SCP strings were fully twisted, a large number
of voltage step inputs were applied. As shown in Fig. 5(a),
the applied voltage first slowly and monotonically increased
from zero to maximum, and then decreased to zero. A
typical length output sequence was provided in Fig. 5(b), for
the TSA with two 3-ply SCP strings under 200 g load. By
also incorporating the twisting-induced contraction, the full
actuation performance of the TSA by twisting and heating
the SCP strings is shown in Fig. 5(c). To conduct a fair
comparison, the maximum number of twists was the same
as the case with passive SCP strings. As seen, the maximum
contraction was 27.01%. If only twisting was used, the
maximum contraction of the same TSA was only 13.49%,
as shown in Fig. 4(h).



The TSAs’ lengths under different numbers of twists, volt-
age inputs, and loads were measured for TSAs with different
ply numbers, as shown in Figs. 5(d)-(e). The maximum strain
of the TSA by fully twisting and fully heating the SCP
strings was provided in Fig. 5(f). The average strains of the
TSAs with 3-ply and 4-ply SCP strings were 29.1% and
34.8%, respectively. Compared with the passive SCP string
case, TSAs with active SCP strings generated much better
performance.

D. Effects of the Compliant and Active SCP Strings

1) Compliance: Due to the compliance of the SCP strings,
the stiffness of the TSAs was around two orders lower than
existing TSAs. As seen in Fig. 4(i), the stiffness of the
proposed TSAs increased with the ply number of the adopted
SCP strings and decreased with the number of twists. The
stiffness values of the SCP strings were slightly larger than
the corresponding TSAs, which was in agreement with the
existing studies [10], [17]. The proposed TSA has good
scalability in terms of compliance; SCP strings with different
diameters can be efficiently manufactured to obtain different
stiffness values.

2) Maximum Strain: Fig. 4(h) and Fig. 5(f) show the
maximum strain of the TSAs with passive and active SCP
strings, respectively. SCP strings with different loads and ply
numbers were used. Fig. 4(h) shows that the maximum strain
of the TSAs with passive SCP strings ranged from 13.49% to
29.68%. Under heavier loads, the maximum strain decreased.
By actuating the corresponding SCP strains, 9.12%-13.52%
additional strains were obtained for all cases, regardless of
the SCP diameters and loading conditions. The enhanced
actuation performance of the proposed TSA is due to the
dual actuation mechanisms, namely the twisting-induced and
heating-induced actuation.

An interesting experimental finding was that when only
twisting was used, the maximum strain changed a lot with
the loading (Fig. 4h). However, when SCP strings were also
heated, the maximum strains of the TSAs with the same
SCP strings did not significantly change under different load-
ing conditions (Fig. 5f). This phenomenon could be likely
explained as follows: when a higher load (within normal
actuator working range) is used, the twisting-induced strain
decreases. In the meantime, the heating-induced actuation
increases since the space among adjacent coils of the SCP
string increases. The increased space creates more room for
TSA contraction when the SCP strings are heated. Overall,
the maximum actuation capability of the proposed TSA
does not exhibit significant changes with different actuator
configurations and operation conditions. This will likely
simplify the modeling and control aspects, as the overall
actuation range is not loading-dependent.

V. DISCUSSION AND CONCLUSION

In this study, an approach was proposed to create new
TSAs that were compliant and could generate impressive
strain outputs. This was achieved by replacing regular TSA
strings with SCP strings that were inherently compliant and

had superior actuation capabilities under thermal activation.
Experiments were conducted to characterize the properties
of the TSAs with different diameters, loads, power inputs,
and rotation amounts. Experiments successfully verified the
enhanced compliance and actuation performance of the pro-
posed TSAs.

The proposed TSAs have promising potential to be utilized
in soft robotic applications where both high compliance
and large range of motion are needed or highly desirable.
For instance, collaborative robots need to be sufficiently
compliant to ensure safety when interacting with humans
or in unstructured environments. Rehabilitative robots need
to be compliant such that the generated force will support
but not harm the wearer, especially when wearers experience
muscle diseases.

Limitations of this study and future potential improve-
ments are discussed below:

• Firstly, the repeatability and lifetime performance of
the proposed TSAs should have been formally tested.
Certain inconsistencies, such as the stiffness of the TSA
in Fig. 4(i) show nontrivial deviations. While existing
studies have measured the life cycles of the TSA with
highly stiff strings [18], it is expected that the life
cycle and repeatability may deteriorate with the usage
of stretchable and coiled polymer strings.

• Secondly, more operation methods of the proposed
TSAs should have been studied. In this study, we
only operated the TSA by first fully twisting and then
applying power to the SCP strings to obtain additional
strains. Other operational modes might prove to be more
beneficial. For example, by twisting and heating the
SCP strings at the same time, the TSA may contract
more quickly, thus increasing its sufficient operational
bandwidth.

• Thirdly, while this study serves as the first experimental
investigation of TSAs using compliant and active SCP
strings, future studies can be conducted to model the
actuation and stiffness of the resulting TSAs. It will be
critical for the model to capture the compliant nature of
the actuator. With a model, the proposed TSAs can be
better applied to soft robotics.

• Fourthly, the SCP’s thermal actuation mechanism may
present challenges in robotic devices, especially in
wearable robotics. Thermally-actuating SCPs is very
inefficient [3]. To produce enough energy, SCP-actuated
robots would require a large battery or being tethered to
a power supply. In wearable robotics, the system would
also need to be designed so that the actuators’ high
temperatures do not harm the user.

• Lastly, the potential to use the resistance of the SCP
string to infer the length of the TSA, namely, self-
sensing of TSAs using SCP strings, can be explored.
This direction will be based on several existing studies
of self-sensing SCP actuators [23], [29] and our recent
effort of self-sensing for SCP strings in TSAs [11]. It
is noted that the SCP strings were adopted purely for
sensing but not for actuation in [11].
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