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ABSTRACT
The twisted string actuator (TSA), as a recently discovered

artificial muscle, has attracted a lot of attention as a compli-
ant and powerful actuation mechanism. A TSA consists of two
strings attached to a motor on one end and a load on the other
end. The motor’s rotation twists the strings and generates linear
actuation. A common challenge is to obtain TSAs’ strains using
compact approaches. Previous studies exclusively utilized ex-
ternal position sensors that not only increased system cost, size
and complexity, but also lowered actuator compliance. In this
paper, self-sensing strategies are presented to estimate TSAs’
strains without external sensors. By incorporating conductive
and stretchable nylon strings, called super-coiled polymer (SCP)
strings, into TSAs, their strains can be estimated from the resis-
tance values of SCP strings. Two self-sensing configurations are
realized: (1) TSA with one regular string and one SCP string,
and (2) TSA with two SCP strings. Experiments are conducted
to show the correlation between the length and resistance of TSA

∗Address all correspondence to this author.

under different conditions. Polynomial and Preisach hysteresis
models were successfully employed to capture the Length – Re-
sistance correlation and to estimate TSA’s length using the resis-
tance.

INTRODUCTION
Artificial muscles are actuators that conform to biologically

inspired manners to generate work [1–3]. They have shown
strong potential as driving mechanisms for novel applications
such as biomimetic robots, robotic exoskeletons, and soft robots
[4–7]. Advantageous qualities of artificial muscles over con-
ventional motors include inherent compliance, high power-to-
weight ratio, and mechanical simplicity [8, 9]. Robots are con-
ventionally actuated by electric motors to perform specific tasks
in highly-structured environments, such as factory production
lines [10]. The inherent rigidity of conventional robots presents
safety hazards to humans in unstructured environments, such as
homes and hospitals. Artificial muscles would allow for robots
that more-safely interact with humans, and are more biomimetic,
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FIGURE 1. The schematic of a twisted string actuator (TSA) (left). A
TSA consists of two braided ultra-high-molecular-weight polyethylene
strings (middle). A contracted TSA in operation (right).

lightweight, and low-cost [11, 12]. Artificial muscles are com-
monly compared to mammalian skeletal muscle on factors such
as efficiency, power density, stroke, and bandwidth [3]. Cur-
rently, no artificial muscle exceeds all metrics of biological mus-
cles, but many artificial muscles out-perform natural muscle in
one or more aspects [2, 3].

The twisted string actuator (TSA) belongs to an emerging ar-
tificial muscle technology that can generate linear motions from
the rotary motion of an electric motor [13, 14]. As shown in
Figure 1, a TSA consists of one or more strings connected to a
motor on one end and a load on the other end [2]. Although only
one string is necessary, generally two strings are connected in
parallel for quicker actuation [15]. The twisting of the strings
decreases their length, which displaces the load in a linear di-
rection. TSAs are advantageous over a winch connected to a
motor because TSAs can output greater forces with low input
torque. The TSA has good energy-efficiency and is capable of
exerting more force per cross-sectional area than natural mus-
cle [2]. Furthermore, TSA exhibits good biomimicry and com-
pliance, which comes from the strings resembling long muscle
fibers that are inherently compliant and achieve 30-40% strain
upon actuation [2]. Ultra-high-molecular-weight polyethylene
(Dyneema, Vectran and their derivatives) is the most commonly
used string material. Due to these advantages, TSAs have been
utilized in various robotic applications, such as robotic hands,
robot exoskeletons, tensegrity robots, and soft robots [16–18].

Although TSAs are strong, compliant, and compact, a com-
mon challenge is to obtain the contraction of TSAs using com-
pact solutions. One approach is through accurate modeling of
TSAs. Models that relate the strings’ rotations to their change
in length have been developed [14, 19]. However, the correla-
tion may change significantly depending on the externally ap-
plied load [14]. To know the displacement, one must also know
the load applied to the strings. Another common approach is to

utilize external position sensors – the adoption of external sen-
sors not only increase system cost, size and complexity, but also
lower actuator compliance which is undesirable for applications
like soft robots, robot exoskeletons, and medical assistive de-
vices.

In self-sensing of TSAs, the strain is estimated based on an
electrical signal from the actuator, allowing small-scale and low
mass devices for the robotics applications. Self-sensing for soft
materials have been explored, but those actuators are more dif-
ficult to manufacture than TSAs [2]. TSAs are unique in that
the actuator only consists of two strings connected to a motor
with no strict limitation on the type of strings that can be used.
Therefore, the utilization of a conductive material in the TSA can
enable self-sensing based on overall resistance change of the ac-
tuator during its deformation. Resistance change should be large
enough to be easily detectable, while inconsistencies in manu-
facturing should have minimal effect on the resistance change.
The resistance change in a string will come from the strings’ de-
formation as it twists by relating cross-sectional area, the length,
and the material’s resistivity.

Deformation should be elastic, not plastic to allow repeated
actuation cycles. Utilization of a simple wire in the elastic defor-
mation region would create a very small change of the resistance.
On other hand, silver-coated nylon can provide a wider range
of elastic deformation and resistance change. By coiling silver-
coated nylon polymer string, the changes in length and resistance
are magnified, making it suitable for self-sensing in TSAs.

Being a new technology, super-coiled polymer (SCP) strings
have attracted a lot of attention in both the materials and robotics
communities [3, 20, 21]. First invented in 2014 [20], SCP strings
were originally developed as thermally-activated artificial mus-
cles that can generate linear actuation under thermal excitation.
Under thermal stimuli, which is often realized by electric power-
induced Joule heating, SCP actuators can contract significantly
[20, 22, 23]. Conductive and stretchable SCP strings can be ef-
ficiently fabricated by coiling conductive nylon polymer threads
or other fibers and filaments, like carbon nanotube yarns, fishing
lines, and sewing monofilaments and multifilaments [20, 24, 25].
While most of the existing studies employed SCP strings as actu-
ators [26,27], there is a recent interest in adopting SCP strings as
sensors. In [28], a linear relationship between the resistance and
the length of SCP strings was observed, and it was proposed that
SCP strings could be used as position sensors with application to
soft robots. Abbas and Zhao demonstrated that both the applied
load and change in length of conductive coiled thread can be used
to determine resistance change in SCPs [29]. SCP strings man-
ufactured from graphite power and nylon threads were also used
as position sensors in [30]. It is thus promising to incorporate the
SCP strings into TSAs for strain sensing.

This paper presents the first study on self-sensing for TSAs.
By incorporating conductive and stretchable SCP strings into
TSAs, their strains can be estimated from the resistance values
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FIGURE 2. (a) The schematic of a TSA consists of a super-coiled polymer (SCP) string and a regular string (left). A TSA consists of one SCP string
and one braided ultra-high-molecular-weight polyethylene string (middle). A contracted TSA in operation (right). (b) The schematic of a TSA consists
of two SCP strings (left). A TSA consists of two SCP strings (middle). A contracted TSA in operation (right).

of SCP strings. Two self-sensing configurations are realized: (1)
TSA with one regular string and one SCP string, and (2) TSA
with two SCP strings. A series of experiments are conducted to
show the correlation between the length and resistance of TSA
under different conditions. Polynomial and Preisach hysteresis
models were successfully employed to capture the Length – Re-
sistance correlation and to estimate TSA’s length using the re-
sistance. Furthermore, the advantages and disadvantages of the
approaches are discussed.

PROPOSED SELF-SENSING SCHEMES
In this section, two schemes are presented to incorporate

SCP strings into TSA: (1) TSA with one regular string and one
SCP string, and (2) TSA with two SCP strings.

Scheme 1: TSA with One Regular String and One SCP
String

In this configuration, the TSA consists of one regular string
and one SCP string. When the two strings twisted about each
other, the SCP string will be twisted around the other nor-
mal string. A schematic and the actual TSA configuration are
shown in Figure 2(a). For the normal string, braided ultra-high-
molecular-weight polyethylene with a diameter of 1.0 mm was
adopted in this study, similar to existing studies [14, 19]. It is
noted that other types of materials can also be used. When this
TSA is twisted, a large linear contraction can be obtained, and the
TSA’s resistance change is purely due to the resistance change
of the SCP string. An advantage of this configuration is that
not only the TSA exhibits resistance change, the incorporation
of polyethylene increases the overall strength of the system [31].

Scheme 2: TSA with Two SCP Strings
In this configuration, two SCP strings replace the normal

strings used in TSAs. With a load attached at the end of the
strings, both SCP strings will be in constant tension. As the
strings twist around themselves, their combined cross sectional-
area will increase, and the length of TSA will thus decrease. A
schematic and the actual TSA configuration are shown in Figure
2(b). These changes correlate to a decrease in electrical resis-
tance since the adjacent coils of the SCP strings will be closer
and more SCP components will be in contact. An advantage of
this configuration is that with two same SCP strings to construct
the TSA, the SCP strings will have the same tension, with pro-
ducing a more stable actuator structure.

EXPERIMENTAL SETUP
Assembly and Fabrication of TSAs and SCP Strings

Assembly of TSAs The essential components of TSAs
are an electric motor, two strings, and a load. Any number of
strings can be used, however, two strings provide a balance of
simplicity and fast actuation, thus were adopted in this study.
One end of the strings is attached to the motor. A load, which
ensures the strings remain taut during actuation, is attached to
the free end of the strings. The ends of the strings attached to
the load do not rotate. Twisting the TSA will shorten its length
and generate a linear motion. The readers are referred to [14] for
more information on the assembly of TSAs.

Fabrication of SCP Strings Following our previous
study [26], the V Technical Textiles Conductive Yarns (110/34
dtex, Denier:110/34f) were used to fabricate SCP strings. The
manufacturing process was comprised of two steps. The first
step was to uniformly coil the conductive nylon threads. In the
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FIGURE 3. The experimental setup for TSA measurements.

second step, the coiled thread was double backed on to form a
stable structure. Sample SCP strings are shown in Figure 2. It’s
noted that heat treatment is commonly required to fabricate SCP
strings as actuators. In this study, it’s found that heat treatment
had negligible effect on their use as sensors, so heat treatment
was eliminated from the fabrication process.

By coiling a different number of nylon threads, SCP strings
with different diameters can be manufactured. In this study, two
types of SCP strings were fabricated with different thicknesses,
one manufactured by using 4-ply nylon threads (referred to as
“Thin SCP String”), and the other with 8-ply nylon threads (re-
ferred to as “Thick SCP String”). The number of turns and
weights used for the coiling process were determined experimen-
tally. More details about the manufacturing of SCP actuators can
be found in [11] and [26].

Experimental Setup
The experimental setup was shown in Figure 3. A step-

per motor (NEMA 17HS4401) was held vertically by a metallic
frame. The TSA was attached between the stepper motor and
the load. Number of turns of the motor were controlled through
an Arduino Mega 2560 micro-controller board and A4988 motor
controller. The load was attached to a lightweight horizontal bar
that provided displacement measurements based on the ruler, and
prevented one side of the strings from turning freely. A digital
multimeter (NKTECH VICI VC480C+) was employed to mea-
sure the resistance of the SCP strings with a resolution of 0.01 Ω

under 20 Ω and 0.1 Ω beyond 20 Ω. Depending on the config-
uration of the TSA, a combination of SCP strings and/or normal
strings of ultra-high-molecular-weight polyethylene were used.

SELF-SENSING MODELING FOR TSA
Two mathematical models were adopted to correlate the re-

sistance with the displacement of the load. A brief explanation
of these models is presented in the following subsections.

Polynomial Model
Albeit simple, a polynomial model can be adopted to esti-

mate the length of the TSA using its resistance value:

Llinear(R) = p0 + p1R+ p2R2 + · · ·+ pkRK , (1)

where Llinear denotes the length of the TSA, R is the resistance
of TSA, and K is the order of the polynomial. The polynomial
model can be efficiently identified using the MATLAB command
polyfit. With a low order, the computational cost of the polyno-
mial model is low.

Preisach Hysteresis Model
As a common type of nonlinearity, hysteresis appears in a

wide variety of materials and structures, such as ferromagnetic
materials, elastic materials, and smart materials [32, 33]. Both
SCPs and TSAs exhibit hysteresis in existing studies [11,22,31].
It is thus expected that hysteresis may appear by incorporating
SCP strings into TSA.

To model hysteresis behaviors, different approaches have
been adopted. Among the existing models, the Preisach model is
one of the most effective and widely used methods. The Preisach
model can be expressed as a weighted superposition of delayed
relays [32–35]. The identification of the Preisach operator can be
efficiently realized by discretizing the weight distribution [33].
The discretization level, M, quantifies the computational com-
plexity of the Preisach model. M is commonly chosen between
10 and 40.

The Preisach model will be used to estimate the length of
the TSA using its resistance:

LPreisach(R) =
M

∑
i=1

M+1−i

∑
j=1

µi jsi j(R)+ c0, (2)

where µi j is the discretized weight to be identified, si j(R) is
fully dependent on the resistance value, c0 is a constant bias.
The identification of the Preisach model can be reformulated
as a constraint linear least-squares problem and solved with the
MATLAB command lsqnonneg. More details about the Preisach
model can be found in [33, 36–39].
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EXPERIMENTAL RESULTS
In this section, a series of experiments were conducted to ob-

tain the correlation between the resistance and length of TSAs.
Two self-sensing schemes were tested, namely (1) TSA with
one regular string and one SCP string, and (2) TSA with two
SCP strings. Two types of SCP strings were tested with differ-
ent thicknesses, namely “Thin SCP String” using 4-ply nylon
threads and “Thick SCP String” using 8-ply nylon threads. Dif-
ferent loading conditions were also tested to evaluate the Length
– Resistance correlations. Polynomial and Preisach models were
adopted to capture and estimate the lengths of TSAs using the
resistance measurement.

General Procedures and Evaluation Metrics
To measure and capture the relationship between the resis-

tance and length of TSAs, the following procedures were em-
ployed. Firstly, the TSA was manufactured either with one SCP
string and one regular string, or with two SCP strings. A weight
was used to generate a constant loading condition for the TSA.
Secondly, the motor generates a sequence of rotations to change
the length of TSA. Each rotation was held for 3 minutes, ensur-
ing that the steady-state length and resistance would have been
reached. The correlation between the steady-state length and re-
sistance was obtained based on the measurements. Lastly, math-
ematical models were adopted to evaluate the self-sensing capa-
bilities – to estimate the TSA length based on its resistance value.

The average absolute error and standard deviation were em-
ployed to evaluate the modeling performance:

Eaver =

N
∑

i=1
|ei|

N
, (3)

σ =

√√√√√ N
∑

i=1
(|ei|−Eaver)2

N−1
, (4)

where N is the number of data-points to be evaluated and ei de-
notes the error of the ith point.

Scheme 1: TSA with One Regular String and One SCP
String

Case 1: Thin SCP String Experiments were conducted
to measure the relationship between the length and resistance of
the TSA whose SCP string was made with 4-ply nylon threads.
A sequence of rotations ranged from [20, 55] were used, as
shown in Figure 4(a). This sequence was adopted since it con-
sisted of both twisting and untwisting cycles. The steady-state
length and resistance values were measured. As shown in Fig-
ure 4(b), by twisting the TSA, its length decreased from 28 cm

to 21 cm, generating over 25% contractions. Two loading con-
ditions were tested, one with 450 g of weight, and the other was
550 g. The corresponding Length – Resistance correlation mea-
surements were provided in Figure 4(c). As shown, there was
an evident correlation between resistance and length – the resis-
tance increased with increasing length and very mild hysteresis
behavior was observed. This can be explained as follows: when
the motor generates fewer number of rotations, the TSA becomes
longer. The distance of the adjacent coils of the SCP string is also
larger, thus producing a larger resistance value. Under a larger
loading condition, the TSA became longer and produced a larger
resistance. The results are consistent with existing studies of us-
ing SCP strings as sensors [25].

Both polynomial model and Preisach model were adopted
to characterize the Length – Resistance relationship of TSAs.
With the self-sensing model, the length of TSA, as the output,
can be inferred from the resistance value, as the input. Firstly,
two third-order polynomial models were identified to capture the
hysteresis of TSA under 450 g and 550 g of loading, as shown
in Figure 4(d). The corresponding parameters were provided in
Table 1 (Scheme 1, Case 1). The modeling error was 0.20 ±
0.12 cm and 0.15 ± 0.13 cm for the TSA under 450 g and 550
g loading, respectively (Figure 4(f)). The term “index” refers to
the numbering of the quasi-static strain values, and in total 15
data points were taken. Considering that the range of the TSA
length change was over 6 cm, the model can be used to infer the
TSA’s length reasonably well using resistance values. Secondly,
the identification of the Preisach model was done by reformulat-
ing it as a constrained least-squares optimization problem [33].

TABLE 1. Identified parameters of the third-order polynomials.

p0 p1 p2 p3

Scheme 1, Case 1:

Loading (450 g) -386.675 47.445 -1.831 0.024

Loading (550 g) -290.984 35.355 -1.328 0.017

Scheme 1, Case 2:

Loading (700 g) -143.843 33.216 -2.100 0.045

Loading (900 g) -77.501 18.534 -1.040 0.020

Scheme 2, Case 1:

Loading (250 g) -40.540 12.630 -0.732 0.015

Loading: (350 g) -81.325 20.407 -1.215 0.025

Scheme 2, Case 2:

Loading (700 g) -21.360 16.661 -1.732 0.063

Loading (900 g) -5.984 11.132 -1.034 0.034
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FIGURE 4. (a). The motor rotation sequence versus time. (b). The length of the TSA with different numbers of motor rotations. (c). The experimental
measurement of the Length – Resistance relationship of TSA. The modeling results of the Length – Resistance relationship using (d) polynomial model
and (e) Preisach model model, and (f) the corresponding modeling error.

The level of discretization of the Preisach operator, M, was cho-
sen to be 12, and the constant bias, c0, was identified to be 24.65
cm. Figure 4(e) shows the hysteresis measurement and model-
ing results of the Length – Resistance relationship of the TSA.
The modeling error was 0.01 ± 0.03 cm and 0.0003 ± 0.0002
cm for the TSA under 450 g and 550 g loading, respectively, as
presented in Figure 4(f)).

It’s noted that while the Preisach model was a lot more accu-
rate than the polynomial model fitting, the computational com-
plexity was also a lot higher, as was explored in [40]. For the
remaining scenarios of TSAs, the correlation between the length
and resistance of TSAs will only be captured by polynomial ap-
proaches.

Case 2: Thick SCP String Tests were conducted for
thicker TSAs whose SCP string was fabricated with 8-ply nylon
threads. Similarly, rotation sequences were utilized to generate
different TSA contractions. Figure 5(a) shows the correlation
between the length and resistance of the TSA under 700 g and
900 g loading conditions. Again, model fittings of third-order
polynomials were conducted, and the modeling results are shown
in Figures 5(b)-(c). The parameters of the two polynomials were

provided in Table 1 (Scheme 1, Case 2). The modeling error was
0.41± 0.25 cm and 0.14± 0.10 cm for the TSA under 700 g and
900 g loading, respectively. A simple polynomial model could
be used to generate accurate self-sensing estimations of the TSA
length. Preisach model or other hysteresis models can be further
adopted for improved accuracy.

Scheme 2: TSA with Two SCP Strings
Case 1: Thin SCP String The SCP strings created by

coiling 4-ply nylon threads were adopted as the TSA material.
Under one twisting-untwisting cycle and two different loading
conditions (250 g and 350 g), the resistance and length data were
recorded and shown in Figure 5(d). Again, only mild hystere-
sis was observed, and polynomial model (third-order) fitting was
employed. The modeling performance was shown in Figures
5(e)-(f). The corresponding parameters were provided in Table
1 (Scheme 2, Case 1). The modeling error was 0.07 ± 0.04 cm
and 0.08 ± 0.03 cm for the TSA under 250 g and 350 g load-
ing, respectively. Considering that the overall length change was
over 3 cm, the average modeling error was less than 3%, show-
ing the effectiveness of the low-order polynomial model for the
self-sensing of TSAs.
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FIGURE 5. TSA with 1 SCP string (thick) and 1 regular string: (a) Length – Resistance relationship, (b) polynomial model fitting, and (c) modeling
results. TSA with 2 SCP strings (thin): (d) Length – Resistance relationship, (e) polynomial model fitting, and (f) modeling results. TSA with 2 SCP
strings (thick): (g) Length – Resistance relationship, (h) polynomial model fitting, and (i) modeling results.

Case 2: Thick SCP String Furthermore, thicker SCP
strings were also used for TSAs. Figure 5(g) shows its Length
– Resistance relationship under 700 g and 900 g loading con-
ditions. Analogous to the previous cases, the correlation shows
very mild hysteresis behavior and can be reliably estimated using
low-order polynomials. Figures 5(h)-(i) show the effectiveness
of third-order polynomials, and the modeling error was 0.04 ±
0.02 cm and 0.05 ± 0.03 cm for the TSA under 700 g and 900
g loading, respectively. The corresponding parameters were pro-
vided in Table 1 (Scheme 2, Case 2). The effectiveness of the
model was further validated.

DISCUSSION

Experiments demonstrated clear relationships between the
length and resistance of TSA incorporated with one or two SCP
strings. The relationship between TSA’s length and SCP string’s
resistance appears to be less hysteretic for the configuration of
Scheme 2 (Two SCP strings) twisting around each other, as
shown in Figure 4(c) and Figure 5(a), (d), and (g). The modelings
results using third-order polynomials showed that the modeling
errors were only around 20-30% of that for the Scheme 1. How-
ever, for Scheme 1 (TSA with one SCP and one regular string),
the sensing range was a lot larger than Scheme 2. In Scheme 1,
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over 6 cm of length change was demonstrated, while the Scheme
2, the actuation range of the TSA was 2-3 cm, as shown in Fig-
ure 4(c) and Figure 5 (a), (d), and (g). In other words, the mod-
eling error of the third-order polynomials is greater for scheme
1, but that configuration also demonstrates a greater contraction
range. For Scheme 2, however, the opposite was observed. Mod-
eling error was less than Scheme 1, but so was the contraction
range. Compared to Scheme 2, Scheme 1 can withstand bigger
loads due to higher tensile strength of the polyethylene string.
For practical purposes, one may choose a balance between con-
traction range, modeling error, and load capacity.

For all the presented experimental results, the resistance of
TSA increases with a larger length. Therefore, greater loading
conditions generally increase the resistance in SCP strings. The
change in resistance in Schemes 1 and 2 can be credited to the
increase in the magnitude of tension exerted on the SCPs due to
the twisting. The other cause for this phenomenon specifically in
Scheme 2, is the increase in the surface area of contact between
the SCP strings as a result of twisting, which would lead to an
increase in conductivity and consequently decrease in resistance.

CONCLUSION AND FUTURE WORK
In this study, the incorporation of SCP strings into TSAs for

position self-sensing was presented. Two self-sensing configura-
tions were proposed. Experiments were conducted, and the cor-
relation between the length and resistance of TSAs showed mild
hysteresis. Low-order polynomial models were successfully em-
ployed to capture the correlation and estimate the length of TSA
reasonably well. The Preisach model was further adopted to ac-
curately capture the Length – Resistance of TSAs under differ-
ent loading conditions. This study shows that SCP strings have
strong potential to be used as self-sensing TSAs. The low mod-
eling error shows that the resistance in SCPs strongly correlates
their length. This proposed self-sensing TSA technology is also
relatively economical and simple to manufacture.

Despite promising results, there are certain noticeable lim-
itations from fabrication, resistance measurements, and loading
conditions. The slight inconsistencies of the manufactured indi-
vidual and bundled SCP strings might cause diminished perfor-
mance. Since the fabrication was mainly realized manually, there
were consistency challenges for producing actuators with similar
properties such as resistance and length. For example, the short-
est actuator among the bundle of SCP string and normal string
might affect the overall TSA performance. Resistance values of-
ten fluctuated in the first 20-30 seconds and reached their steady-
states after a few minutes. An actual robotic actuator would move
much more quickly than that.

A future study would be to characterize the resistance’s tran-
sient response to change in length. In the present work, load-
ing conditions were kept constant during each test. If used in a
robotic hand, for instance, the performance of TSAs would need

to modeled under continuously-changing loads. To grip heavy
objects, the TSA in the robotic hand would behave differently
than it would to grip light and delicate objects. Another future
study would be to use SCP strings as self-sensing TSAs under
unknown and continuously-varying loads, which would demand
a more rigorous physics based study and consequently lead to the
development of a physics based model.
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