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On the Control and Properties of Supercoiled
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Abstract—Robotics have long sought an actuation technology
comparable to or as capable as biological muscle tissue. Natural
muscles exhibit a high power-to-weight ratio, inherent compliance
and damping, fast action, and a high dynamic range. They also produce joint displacements and forces without the need for gearing or
additional hardware. Recently, supercoiled commercially available
polymer threads (sewing thread or nylon fishing lines) have been
used to create significant mechanical power in a muscle-like form
factor. Heating and cooling the polymer threads causes contraction
and expansion, which can be utilized for actuation. In this paper,
we describe the working principle of supercoiled polymer (SCP)
actuation and explore the controllability and properties of these
threads. We show that under appropriate environmental conditions, the threads are suitable as a building block for a controllable
artificial muscle. We leverage off-the-shelf silver-coated threads to
enable rapid electrical heating while the low thermal mass allows
for rapid cooling. We utilize both thermal and thermomechanical models for feed-forward and feedback control. The resulting
SCP actuator regulates to desired force levels in as little as 28 ms.
Together with its inherent stiffness and damping, this is sufficient
for a position controller to execute large step movements in under 100 ms. This controllability, high performance, the mechanical
properties, and the extremely low material cost are indicative of a
viable artificial muscle.
Index Terms—Artificial muscles, muscle-powered machines,
robot control, robot muscles, shape memory polymers, super coiled
polymers.

I. INTRODUCTION
OBOTICS has often looked biological muscle tissue as a
performance standard for developing new artificial muscle
actuators [1]. Biological muscles, specifically skeletal muscles,
exhibit remarkable capabilities that make them a unique and
desirable actuator. They have the following properties.
1) A high power-to-weight ratio.
2) Inherent compliance and damping.
3) Achieve fast controllable actions.
4) High dynamic range [2].
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Fig. 1. Supercoiled polymer actuator with a coil diameter of 720 μm forming
a single ply actuator (left), and a double ply actuator (right).

These characteristics can guide the development of artificial
muscle actuators for robotic applications.
Conventional robots mostly rely on electric motors or pneumatic/hydraulic actuators and often incorporate linkages or substantial gear reductions to drive joints. While they can produce
large forces and accurate positioning, these actuators commonly
introduce substantial mass, reflected inertia, and friction, may
require large volumes, and generally do not exhibit muscle-like
properties. Efforts have been made to adjust or control stiffness [3], most notably series elastic actuators [4] that utilize a
physical compliance in series with a rigid actuator. McKibben
actuators [5] pressurize and depressurize sheaths in order to contract and relax, providing large output power and are visually
convincing as a skeletal muscle. These approaches effectively
try to attain some desired properties macroscopically using traditional mechanical components.
Materials scientists have aimed to create an artificial muscle
that exhibits all the desirable properties of natural muscles over
the past decades [6]. Shape memory alloy (SMA) actuators [7],
[8] and shape memory polymer (SMP) actuators [9] have been
designed as artificial muscles. These materials predominantly
use one of the three mechanics for power generation: electrical
activation, light activation, and chemical activation. This results in material contraction and expansion in their cross section
during activation and deactivation, respectively [9], [10]. Because these materials often exhibit small-strain deformations,
large displacements are achieved via structural conformation
and from parallel plates- and flexure-based deformation [9],
[11]–[16]. Although strains up to 100% have been reported [17],
the form-factors do not match that of skeletal muscles. SMA and
SMP films have been stacked [13], [18]–[20] or placed in parallel structures [21] to amplify axial strain deformation, but result
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in bulky structures. SMA formed into springs trade volume for
increased stroke [22], [23]. Regardless of configuration, SMAs
rely on martensite versus austenite phase transitions, which create substantial hysteresis during activation and thus limit controllability. Mechanisms have nonetheless been designed to fit
desirable form factors for specific robotic applications [24], and
adaptions of shape memory materials have been used successfully for specialized robotics [25]–[29] and prostheses [2], [30].
Despite their individual merits, no single artificial muscle
technology has received widespread adoption as an artificial
skeletal muscle. No technology has been able to achieve all
the desirable properties of natural muscles—that is, power-toweight ratio, compliance and damping, controllably fast action,
and high dynamic range. Furthermore, the thin and long form
factor of skeletal muscle fibers present an additional design
challenge to meet.
Recently, it has been discovered that by continually twisting polymer threads to an extreme until they form coils, an
actuator is achieved with a power-per-weight, strain, and deformation rivaling or even exceeding that of human skeletal muscle, whilst keeping a rope-like form factor (see Fig. 1). These
“super-coiled polymer” (SCP) actuators were originally produced using carbon nanotube polymer yarns that were twisted
until coils were formed [31] and are capable of being activated
electrically, chemically, and photonically. They were able to
produce tensile actuations (strain) of up to 8%. Haines et al.
[32] show that the same effect can be achieved by using commercially available fishing lines and sewing threads by heating
and cooling the coiled actuators. SCP threads thus can produce
significant mechanical power in a desirable form factor, and are
easy to manufacture and extremely cost effective.
In this paper, we investigate the dynamics and controllability of SCP actuators. We demonstrate that under appropriate
environmental conditions, i.e., under forced air cooling, their
closed-loop performance is applicable to robotics. A major contribution is in verifying that a simple electro-thermal-mechanical
model allows open- and closed-loop control to regulate the force
and displacement. Indeed, the underlying electrical to thermal
to mechanical power conversion proves sufficiently linear to
permit linear time-invariant (LTI) control. In detail, we describe
the underlying processes and then experimentally identify a
thermoelectric model of the SCP heating, identify a thermomechanical model of the SCP activation, and derive model-based
LTI controllers for open- and closed-loop control of force and
displacement. Also, we show that forced air cooling not only
helps the actuator’s time constants but also improves linearity
and predictability of the actuator dynamics. Finally, we illustrate
their use in two simple robotic applications.
II. BASIC PRINCIPLE OF ACTUATION
Polymer threads contain long polymer chains, which are
primarily aligned with the thread axis. Twisting a thread forces
these polymer chains to take on microscopic helical shapes.
Under thermal expansion, the volume of the material increases
but the chains approximately retain their length. This causes the
helices to grow in diameter and thereby slightly untwist. Indeed,
heating a twisted polymer thread causes a change in twist.

When a twisted thread is also coiled, it forms a second, macroscopic helical shape (supercoil). As thermal expansion introduces a change in twist along the thread, the supercoil structure
causes a contraction of the supercoil in the primary coil axis.
The coiling, therefore, amplifies the contraction of the thread
compared to a twisted but uncoiled thread.
Overall, the actuator converts a temperature change into axial
strain or stress. In contrast to SMA actuators that require a phase
transition, the SCP effect is fundamentally linear and promises
a highly controllable actuator. The coefficient of expansion and
thread diameter, together with the angles of the microscopic
helix and macroscopic coils, determine the rates of strain or
stress.
In the following sections, we utilize self-coiling, where coils
are formed naturally after continuous twisting causes the twisted
thread to generate enough stored twist energy to form its own
coils. This creates the most tightly coiled actuators, as compared
to an alternative method of wrapping a twisted thread along a
mandrel to form a coil [32].
III. MATERIAL AND MANUFACTURING
A. Material Science and Selection
Material selection of the threads plays a very large role in
the performance of an SCP actuator. SCP actuators have been
constructed from fishing line and sewing thread made of nylon,
polyethylene, polyvinylidene fluoride, etc. [32]. Consistent with
prior results, we found Nylon 6, 6 provided the greatest strain,
while other materials provided varying levels of performance.
Because of the availability of silver-painted nylon 6, 6 sewing
threads used for conductive textiles, we use two Shieldex Conductive Yarns (117/17, denier: 240/34 f, weight: 0.238 g/m, coil
diameter: 380 μm; 234/34, denier: 560/68 f, weight: 1 g/m, coil
diameter: 760 μm) to create the SCP actuators described in this
paper. The off-the-shelf conductive nylon sewing threads have
slightly lower performance specifications than monofilament
nylon with custom-painted conductive silver coatings [33], but
are easily sourced in bulk quantities and still provide up to 10%
strain for 1000 cycles.
B. Manufacturing Process for an SCP Actuator
To supercoil the conductive thread, one end of the thread is
attached to a motor at one end of its length, and a weight is
hung on the other end. The weight should be chosen such that
the thread is kept taut and straight while being twisted, and
that during coil-forming the thread does not snap. The 117/17
thread used a 50 g weight. The motor is spun at low r/min, in the
direction of the original thread twists. As the motor spins, the
mass is not allowed to rotate, resulting in twists to the thread.
At a certain point, the twisting of the thread will begin to form
coils along its length. The coiling thread then shortens at a
rapid pace. We found that fully coiled lengths were formed at
392 ± 15 rotations/cm (post-coiling length). When the thread
is completely coiled, it is double-backed on itself to create a
two-ply configuration. This prevents the coils from unwinding.
In order to achieve a large stroke volume, the coiled, two-ply
thread needs to be thermally set. We found the most controlled
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manner to thermally set the coil was to apply voltage potentials
(1.5 V/cm of coil length) across its length in order to Joule-heat
the thread while a larger weight was hung on the end (a 100 g
weight, or 200% of the weight used during coiling). A square
voltage pulse (1 s on, 9 s off) is placed across the coiled thread,
which heats the coil and then provides adequate cooling time before treating with heat again. Under these conditions, the coiled
thread smokes, the silver color of the coiled thread changes to a
bronze color, and the mass drop would begin to plastically elongate the resting length of the coil. These are indicators that the
thermal setting is working. We saw a 20% average elongation
comparing the resting length of the coiled thread before and after thermal setting. Upon further excitation at the same voltage,
the SCP actuator will now contract/elongate between its resting
length and its length at the smoking point, which is now the
absolute maximum strain achievable. Video demonstration of
the entire manufacturing processing is available online.
Other effects can be identified during thermal treating: The
resistance of the coil reduces during thermal setting. The maximum repeatable strain for the 17/117 thread was approximately
8%–10%. Strain is measured as the change in length over the
resting length of the actuator after a load is applied. This is consistent with what has been observed in the prior literature [33].
Haines [32] shows that larger strains can be achieved, but require
more complex heat-treating methods and custom equipment.
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Fig. 2. (a) The testing apparatus is used to characterize the actuator. (b) The
actuator is attached to a cable that wraps around a capstan, which measures
the displacement/strain of the actuator under isotonic tension. (c) A second
attachment measures forces given isometric tension, where the motion stage
can adjust the static strain level. The temperature of the actuator is controlled
using a water bath (not shown), which ensures even heat distribution, and is
measured accurately using a thermocouple placed in the water bath.

IV. MODEL IDENTIFICATION AND VALIDATION
In the following section, we model both the thermal and
mechanical dynamics of the SCP actuator as needed for the
subsequent controllers.

was used for experiments investigating the thermomechanical
characteristics of the actuators.
B. Thermomechanical Characterization

A. Experimental Setup
For modeling and validation, we use an SCP actuator coiled
from the 380 μm diameter conductive nylon thread, with a nominal resting length of 100 mm at room temperature (25 ◦ C). The
actuator is operated in three different environments.
1) Standing air at room temperature (25 ◦ C).
2) Standing water at room temperature.
3) Forced air at room temperature.
These environments offer different heating and cooling dynamics. The forced air was supplied by an 18-V CPU fan
3
(168 ft /min) placed at a distance of approximately 10 cm from
the fiber. The airflow was not optimized for any particular metric (e.g., airflow source size, distance, flow cross section) and
the fan was simply placed from a distance at which we saw a
peak drop in the thermal time constant. This distance was left
constant among all experimental trials.
A strain-stress testbed was used to identify and validate the
thermomechanical and thermoelectric model of the actuator (see
Fig. 2). The testbed consisted of a servomotor-controlled motion
stage with 0.01-mm resolution, a force sensor attachment (LSP2, 0–2 N range, transducer techniques) to measure tension, and a
position sensor attachment to measure strain (a capstan in series
with the actuator, with a quadrature encoder providing strain
measurements of 8 μm resolution). Finally, a water bath and a
thermocouple (DRF-TC, Omega) submerged in the water bath

The thermomechanical properties of the SCP actuator are
found using a tensile test applied over a range of temperatures.
The SCP actuator is placed into the water tank, and water at
different temperatures is added. Forces are recorded while the
motorized motion stage applies strain to the SCP actuator.
Figs. 3 and 4 summarize the mechanical and thermomechanical data. We find hysteretic losses in the force–strain relationship
of the actuator [see Fig. 3(a)] resulting in mechanical damping.
Fortunately, consistent with the basic principle of actuation, we
find little to no hysteresis in the force–temperature relationship.
Indeed normalizing the force–strain profile by resting length at
each temperature, a common force–strain graph emerges [see
Fig. 3(b)]. We, therefore, can 1) model the force–strain relationship independently of temperature and 2) add a temperaturebased shift to the force independent of strain.
When the actuator is strained over a range of motions [see
Fig. 3(c)], we observe that the hysteretic losses match the classical Preisach model of hysteresis, consistent with the prior
literature [33]. We linearize the hysteretic behavior to form a
dynamic system comprising a mechanical model with stiffness
and damping
F = k(x − x0 ) + bẋ

(1)

where x, x0 is the loaded length and the unloaded length of the
actuator, and k, b are the mean stiffness and damping of the
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Fig. 3. Applied force/strain profiles over varying temperatures are measured, wherein (a) the strain is defined as the elongation from room temperature (25 ◦ C)
length. The resting length of the actuator shortens based on the temperature; when measuring strain that is based on the resting length at each temperature, (b) a
common force/strain curve (in black) appears for all temperatures, (c) shows a detailed profile of the measured force and strain relationship. The mean stiffness
of the actuator is 160 ± 35 N · m, (d) shows the dynamic response of a 100 g mass attached to the actuator. A mass-spring-damper model emulates the dynamic
response of the system.

Fig. 4. To find the actuator’s thermo-mechanical properties, the temperature/force relationship was found at different strains. The slopes represent the
thermal constant c. The thermal constant, converting change in temperature to
change in force, was found to be c = 2.31 ± 0.41 mN/◦ C.

actuator, respectively. The stiffness parameter is found as the
mean stiffness of the force/strain loop. Damping parameter b
is found by dropping a 100 g mass and measuring the decaying oscillations [see Fig. 3(d)]. The time constant of the decay

Fig. 5. Thermomechanical model of the actuator under load. The actuator acts
as a temperature-controlled force source in parallel with an elastic spring and
damper.

τ is measured and is used to acquire a damping coefficient
b = 2 m/τ . These parameters are found using a least-squares
fit. The derived model has parameter values K = 160 ± 35
N · m, and b = 0.84 ± 0.12 N · s/m. Fig. 3(d) shows that the
model characterizes the mechanical dynamics of the actuator
well.
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Fig. 6. Power-to-force relationships are found for different environments: For standing air (a), forces fluctuate more due to uneven Joule heating and exhibit
longer rise times due to a low thermal conductivity. A water environment (b) transfers heat quickly and improves better steady-state tracking, but requires larger
input powers. Forced air (c) provides the most uniform steady-state tracking while utilizing only slightly more power than stagnant air. A linear power–temperature
relationship is described by the absolute thermal conductivity λ (d), and (e) shows the thermal time constants τ . The actuators were 100 mm in resting length.

Since temperature does not change the shape of the force–
strain profile, the thermomechanical model of the actuator extends the mechanical model (1) with a temperature bias
F = k(x − x0 ) + bẋ + c(T − T0 ).

(2)

Fig. 4 shows that at different strains, the temperature biases
the force–strain profile in a linear manner. The mean slope is
c = 2.31 ± 0.41 mN/◦ C.
Fig. 5 presents the final thermomechanical model of an SCP
actuator. We believe the linear structure of this model is consistent with the underlying processes and will extend to other
SCP actuators, even if the parameters are specific to our actuator
configuration.

C. Thermoelectric Characterization
In this section, we develop a thermoelectric model of the SCP
heating. When a voltage potential is applied to the length of the
SCP actuator, the electrical resistance of the actuator converts
the applied voltage (and therefore applied power) into heat drop
losses along the length of the actuator. A simple, first-order
thermoelectric model of an SCP actuator is
Cth

dT (t)
= P (t) − λ(T (t) − Tamb )
dt

(3)

where Cth is the thermal mass of the actuator (Ws/◦ C), P (t) is
the heat applied to the actuator, λ is the absolute thermal conductivity of the actuator in the ambient environment (W/◦ C),
T (t) is the actuator temperature, and Tamb is the ambient
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TABLE I
MODEL PARAMETERS FOR SCP ACTUATOR
(FROM CONDUCTIVE THREAD, SCP COIL DIAMETER: 380 μ M)
Definition

Symbol

Value
(100 mm actuator)

Value
(per meter)

Unit

16 ± 3.5
0.084 ± 0.012
2.31 ± 0.41

N·m
N · s/m
mN/◦ C

250 ± 5

Ω

Thermomechanical properties

Fig. 7. Electrical resistance per length of actuator given different strain (a)
and loading (b) conditions.

Spring constant
Damping coeff.
Thermal constant

Cth = τ λ

(4)

which is the average time the actuator takes to reach 63% of a
steady-state value given a step input [see Fig. 6(e)].
The thermal mass and thermal conductivity of the SCP actuator provides insight into suitable operating environments. The
thermal conductivity for different environments [see Fig. 6(d)]
shows that the efficiency of applying power to change the SCP
actuator temperature, and thus, apply a force, significantly drops
in water. The most efficient power transfer is in standing air,
whereas forced air is a compromise between standing air and
water. The mean time constants for different environments [see
Fig. 6(e)] show that standing air provides the slowest response.
Although water provides fast heating response, the lack of convection and the high thermal mass of water means that cooling
the actuator is slower than heating. Using forced air, convective
currents provide consistently fast and well-balanced response
times in both heating and cooling, nicely “linearizing” the thermal dynamics. When power, weight, and uniform heating and
cooling is concerned, forced air provides the best compromise.
We also investigated whether sensing the electrical resistance
of the SCP actuator during actuation would provide a surrogate
measurement for force or strain. Fig. 7 shows that although
resistance increases as strain increases, only a weak correlation
was found. Similarly, resistance had only a weak correlation to
force.

160 ± 35
0.84 ± 0.12
2.31 ± 0.41
Thermoelectrical properties

Electrical
resistance

temperature
of the environment. P (t) is controlled using voltage
√
V = P R, and R is the mean resistance of the actuator.
A direct temperature measurement was not available as the
SCP’s small size and thermal mass prohibits the use of thermocouples. Fortunately, the thermomechanical model (2) provides
an accurate relationship between the temperature and force under isometric conditions. We utilize force as an indirect measurement of temperature to identify the thermoelectric parameters.
We apply varying electrical power to the actuator under isometric strain and measure the force profiles (see Fig. 6). A linear
relationship between force and power is observed in different
environments: standing air [see Fig. 6(a)], standing water [see
Fig. 6(b)], and forced air [see Fig. 6(c)]. Absolute thermal conductivity λ is calculated from the force-power data using linear
regression. Thermal mass Cth is found by examining the rise
and fall response of the actuators, and determining their time
constants τ from

k
b
c

Thermal mass

Absolute thermal

R

Cth
λ

25 ± 0.5
⎧
⎨ 0.028 ± 0.0089 1
0.178 ± 0.016 2
⎩
3
⎧ 0.019 ± 0.001
⎨ 0.0094 ± 0.0017 1
0.14 ± 0.025 2
⎩
0.019 ± 0.003 3

1

0.28 ± 0.089
1.78 ± 0.16 2
0.19 ± 0.01 3
0.094 ± 0.017 1
1.40 ± 0.25 2
0.19 ± 0.03 3

Ws/ ◦ C
W/ ◦ C

conductivity
Ambient environment: 1 standing air, 2 standing water, 3 forced air.

In summary, Table I shows the specific thermomechanical
and thermoelectrical model parameters of this SCP actuator
constructed from conductive sewing thread. These values are
given for a 100-mm length of the SCP actuator such that they
might be easier to interpret as an artificial skeletal muscle. Although the SCP actuator’s thermal mass should be agnostic to
its environment, we experimentally confirmed that the thermal
mass was nonconstant. This can be attributed to the fact that
the SCP actuator is formed with hundreds of separate threads,
resulting in a nonuniform and porous cross section. Effects such
as water soaking into the coils or water boiling would cause the
overall thermal mass of the actuator to change.
V. CONTROL
The thermomechanical and thermoelectric modeling from the
prior section showed that the SCP actuator acts as a force source
with a parallel-elastic and damping elements. Furthermore, we
have seen that the behavior is quite linear with respect to power
input and a linear model captures the response well. We now
investigate effective control schemes for an SCP actuator using
power input P (t). The actuators are operated in forced air, which
provided fast and even heating/cooling compared to standing air,
and avoid the limitations of water-cooled actuation (weight of
water, sealing issues).
A. Open-Loop Force Control
We evaluated the accuracy of an open-loop gain (KF ,P =
λ/c), converting desired force to input power, to achieve steadystate force tracking without requiring feedback (see Fig. 8).
The gain inverts the steady-state value of the isometric system
transfer function
F (s)
c
=
(5)
P (s)
Cth s + λ
where P (s) is the input electrical power, and F (s) is the
output force. The actuator is given ten desired force levels,
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Fig. 8. Open-loop control of forces using a linear mapping between desired
force and input power is examined. (a) We expect a first-order behavior as the
concatenation of the controller and plant. Given Fref = 10...100 mN at 10-mN
increments, (b) shows the rising profile of the forces, and (c) shows the falling
profile of the forces. The model behavior (dashed lines) closely resembles
the experimental
behavior. Power was applied using the voltage calculated as
√
V = P R.

Fig. 10. (a) Closed-loop control of forces using a feed-forward design. Feedforward signals are necessary to account for the steady-state power required to
hold a force. The root locus of the system shows that the system is stable for all
gains. Given specific force levels to achieve (0.2, 0.4, 0.6, 0.8, 1.0)N, (c) shows
the input power to the actuator, (d) shows the rising profile of the forces given
lead compensation. The steady-state errors for each closed-loop gain is given in
(e), and the rise times are shown in (f). The actuator is capable of achieving a
consistent rise time of 28 ms over its range of motion.

perfectly and we can see a residual error converge at the original
time constant. These inaccuracies can cause overshoot which
can potentially raise the actuator temperature beyond safe limits.
We, therefore, recommend closed-loop approaches under these
conditions.
Fig. 9. (a) Open-loop control of forces using a lead compensator design.
(b) Shows the input power to the actuator and (c) is the measured force. Rise
times are shown in (d), and (e) is the system overshoot.

10, 20, ...100 mN. The rise times and relaxation time of the actuator is recorded. The actuator reaches to within 0%–5% of
the desired steady-state value, with a mean error of 2.3%. The
rise time of the system follows closely the first-order model we
derived for the SCP actuator, shown in Fig. 8(b) as dashed lines.
Using the first-order thermal model of the SCP actuator, we
added a lead compensator to shift the pole of the system further
left on the real axis and hence to achieve a faster response.
Fig. 9 shows the improved performance. Unfortunately, more
aggressive compensators do not cancel the natural dynamics

B. Closed-Loop Force Control
Closed-loop control of forces is performed by closing the
loop on the error between a reference force and measured force;
a feed-forward term provides the constant power for the SCP
actuator to hold a steady state (see Fig. 10). The root-locus
of the first-order system is stable for all gains; therefore, the
response time of the SCP actuator can be tuned to respond
quickly. The applied voltage (and therefore power) spikes and
decays to achieve a step response in the output force of the SCP
actuator. Using a 30-V power supply, we were able to achieve
28 ms response times over a large reference force range without
any input power saturation. We predict that with higher voltage
power supplies even higher input power, higher feedback gains,
and faster response times can be achieved.
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Fig. 11. Actuator tracks a force trajectory; closed-loop control with K p = 20
is used. (a) Shows a 0.3 Hz trajectory being tracked, while (b) shows a random
trajectory with multiple frequencies (0.2–0.35 Hz) being tracked accurately.

Given a changing reference force trajectory, the SCP actuator
is shown to be able to track the forces in closed loop with a high
degree of accuracy (see Fig. 11).
C. Position Control
To investigate position control using an SCP actuator, we
attached a 100 g free weight to one end of the SCP actuator
(100 mm at stretched length) and applied power to regulate the
mass position. The mechanics of the system are approximated
a second-order mass-spring-damper model
d2 x
dx
+ k(x − x0 ) = −c(T − To )
+b
(6)
dt2
dt
coupled with the first-order thermal model (2). Fig. 12(a) and
(b) shows the open-loop position response of a mass given a step
power input. Kx,P = kλ/c is the map from a desired steadystate displacement x to input power and was found using a
least-squares fit.
We used a closed-loop controller with feed-forward to regulate the position of the mass [see Fig. 12(c)]. A proportionalderivative term on position error regulates the rise time and overshoot of the closed-loop system [see Fig. 12(e)]. The root-locus
plot in (d) shows the effect gains on the system stability. We
found that a 111 ms rise time was achievable when Kp = 8 and
Kd = 0.2. When the proportional gain was increased further,
the rise time resulted in noticeable overshoot. The third-order
nature of the system would require feedback of the actuator’s
reaction forces to inject additional dissipation and allow faster
operations without any overshoot.
To investigate position tracking accuracy for a varying trajectory, the SCP actuator controlled the position of the 100 g mass
to follow sinusoidal position trajectories [see Fig. 13(a,b)]. The
traces show accurate tracking of the trajectories. We observe
deviations from the trajectories only when the actuator is relaxing near full-extension and thus near ambient temperature.
This can be mitigated by enforcing a lower bound above the
resting length or by providing higher airflow for faster cooling.
m

Fig. 12. Position of a 100 g free weight attached to one end of an SCP actuator
is controlled. Given open-loop step inputs, (a) shows the rise in displacement
and (b) shows the fall in displacement. The steady-state gain K P , x is found
that converts power to displacement. A closed-loop PD controller with feedforward is used to regulate position (c) and the corresponding root locus is
sketched in (d). The rise times of the closed-loop controller are shown in (e),
where the fastest rise time without overshoot is 111 ms. This corresponds to a
power/weight ratio of 1.12 kW/kg.

Fig. 13. Weight position of 100 g is regulated to track a position trajectory. A
140-mm actuator is used to track a 10-mm sinusoid position trajectory (0.1 Hz)
(a), and a varying signal (0.1–0.15 Hz) (b).
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TABLE II
TYPICAL VALUES OF ARTIFICIAL AND BIOLOGICAL MUSCLES
Muscle

Conductive Thread SCP (380 μm diameter)
Monofilament Nylon SCP [32]
Shape Memory Alloy (SMA) wires [6], [34]
commercially available as Flexinol, 100 μm
Carbon Nanotube (CNT) Yarns [31]
Human skeletal [35]

Strain
(max)

Power-to-Weight Ratio
(contraction)
(full-cycle)

Power Efficiency

10%
34%
3% –5%

1.12 kW/kg
27.1 kW/kg
50 kW/kg

0.062 kW/kg
5.3 kW/kg
1 kW/kg

0.71%
1.08% –1.32%
0.15%–0.20 %

5%–10%
40%

27.9 kW/kg
0.32 kW/kg

0.12 kW/kg
0.037 kW/kg

0.55%
20%

Fig. 14. Applications of SCP actuators: (a) Shows a robotic arm composed of acrylic, carbon fiber tubing and a mannequin hand, with three SCP actuators as
the bicep muscle. (b) Is a low-cost, 3-D printed robotic hand using SCP actuators as the actuation mechanism, with integrated fans for forced air. Different hand
gestures are shown (c), and heat maps (d) shows the individual SCP actuators servoing individual fingers. Video demonstration online.

In addition, the use of antagonistic muscle pairs can overcome
any relaxation limits and achieve the full relaxation range of
motion.
VI. APPLICATION AS A ROBOTIC MUSCLE
We have seen the characteristics of SCP actuators to be well
matched to the needs of artificial muscles. This includes fast activation, accurate control, inherent compliance and damping, and
slender form factor. Their power-to-weight ratio furthermore
substantially exceeds mammalian skeletal muscle. In Fig. 12(e),
an actuator shows the ability to lift 100 g against gravity using
closed-loop control. Over 111 ms, the actuator reaches 63% of
4 mm, producing 2.5 mJ, and a peak of 22 mW. The actuator,
weighing 20 mg, generated a peak 1.12 kW/kg during contraction. Allowing time for cooling and considering a complete
cycle time of 2 s leads to an average output of 0.062 kW/kg.
For comparison, human muscle achieves 0.32 kW/kg peak and
0.037 kW/kg average output.
Table II compares the SCP actuator’s performance to other
artificial technologies such as SMAs (those used in [6], [34] for
robot applications) and biological muscle. We specifically compare technologies that have similar thin form-factors and axial
strain and that do not require external resevoirs or pumps (e.g.,

Mckibbon actuators). Methods such as film-based actuators and
deflection-based actuation that do not fit natural-muscle form
factors have been reviewed for ionic–polymer metal composites
[36], electro-active and SMPs [9] and piezoelectric stacks and
other shape-memory structures [37]. We note that none of the
artificial technologies consider the additional weight of sensors,
wires, potentially amplifier electronics, and mechanical support
which are needed in all robotic systems.
SCP actuators also enjoy a large advantage over SMA actuators in controllability. Where SMAs rely on martensite-austenite
phase transitions, SCP actuation utilizes continuous thermal expansion. Indeed, a typical nichel titanium wire SMA actuator
can easily experience 27 ◦ C of hysteresis in thermal activation
versus less than 1.2 ◦ C of equivalent hysteresis in a nylon 6,
6 SCP actuator [32]. SMAs, however, have higher power-toweight ratios than SCPs, at the cost of very minimal strain and
lower power efficiency. Thus, we consider SMAs and SCPs
having complementary advantages over one another.
We finally show two potential applications. In Fig. 14(a),
three SCP actuators formed the bicep muscles on a robot arm.
The robotic limb utilized the larger 234/34 760 μm diameter filaments and applied the actuators in parallel to generate
larger forces. Each actuator was approximately 30 cm in length,
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staying within the physical confines of the upper limb. Motion
over the entire limb’s range, from fully extended to 90◦ contraction, was achieved. Since the physical imprint of three SCP
coils is very small, adding many more muscle fibers in parallel
will increase the overall force and work output.
We created a second application in the form of a dexterous robotic hand shown in Fig. 14(b)–(d). The hand was
three-dimensional (3-D) printed, with each finger containing an
ABS plastic flexure with a steel wire rope routed within. Five
SCP actuators are used, one for each finger, each pulse-widthmodulated -controlled using a power MOSFET switch (60-V
supply), and were drawn along the length of the forearm, with
steel cable attachments to the fingers starting at the wrist location, emulating the physiology of a human hand. The total
material and drive electronics cost less than 5 U.S. dollars, and
no special equipment except a commercial hobbyist MakerBot
3-D printer was used. An Arduino Nano microcontroller provided the control platform.
Open-loop lead-compensated control of the arm and of the
fingers was implemented based on the method in Section V-A
and allowed the hand to perform a full range of motion (open
palm to closed fist) in half a second. Video demonstrations of
the robotic arm and hand are available online, showing the range
of motion and performance.
VII. SUMMARY/CONCLUSION
In this paper, we have presented a new thermomechanical and
thermoelectric model for supercoiled polymer actuators. Experiments confirm a good fit to these linear models. This allows us
to control the SCP actuators in both force and position, and to
achieve dynamic responses exceeding that of human muscles.
The SCP actuators thus provide suitable characteristics, performance, and controllability to be used effectively for robotic
applications.
Biological muscles can provide a good point of comparison
to SCP actuators regarding their performance. Skeletal muscles
twitch at over 100 ms cycles [38] and reach steady states in
hundreds of milliseconds. Using the control schemes presented
above, SCP actuators are able to achieve responses just under
100 ms, which, therefore, can allow it to emulate and exceed the
physiological dynamics of human muscles. The peak power-toweight ratio of the mammalian skeletal muscle is 0.32 kW/kg
(0.037 kW/kg on average) [35], whereas with a combination of
feed-forward and closed-loop control, we were able to achieve
1.12 kW/kg (0.062 kW/kg on average) using SCP actuators. This
represents well over a two- to fourfold increase in power-perweight. We believe this superior performance of a single fiber
provides good margin against expected performance reductions
as multiple fibers are bundled together to increase force output
and packaged to fit inside a closed robotic structure.
While LTI modeling and control have proven in this paper to
be very effective, we acknowledge that we linearized the hysteretic force–strain relationship [see Fig. 3(a) and (b)], averaged
force–temperature curves (see Fig. 5) into a strain-independent
thermal constant, and assumed temperature-independent mechanical parameters. Future control work may want to consider
the nonlinear mechanical dissipation as well as reinvestigate the

separation of thermal and mechanical dynamics. For example,
opportunities for hysteretic force–strain modeling and inversion
can be found in [39]. Furthermore, the survivability of SCP actuators has been shown to drop over time [33] and thus the model
parameters could be allowed to slowly drift as a function of the
number and intensity of actuation cycles during their lifetime.
Naturally there are numerous possibilities for system improvements, in particular with regard to cooling and the reversal
of a contraction. The shape and rate of airflow, the temperature
of the air in a forced air environment, as well as submersion in
water, oils, or gasses can greatly affect the thermal dynamics.
Peltier devices can provide fast thermoelectric cooling such that
an SCP actuator may relax as quickly as it can contract. Antagonistic pairs of SCP actuators can provide restoring forces
to increase the speed of extension despite slower cooling, and
methods for controlling antagonistic series-elastic actuators [40]
may be readily applied to SCP actuator due to their inherent
elasticity.
A wide range of material properties can also affect the performance of these actuators. These include the diameter of
polymer filaments, the coiling angle and spacing, multifilament
or monofilament composition, mandrel or nonmandrel formed
coils, as well as the specific polymer chosen. In addition, more
complex heat-treatment and shaping processes using mandrels
can allow strains up to 50% or greater [32]. We point readers to the works by Haines [32], Mirvakili [33], Madden [41],
and Kianzad [42], [43], which describe tuning these material
properties and how they can affect actuator properties such as
compliance, thermal conductivity, and hysteresis from rubbing
coils.
All actuators using thermal cycles are subject to energy inefficiency and limited cycle rates. They are most appropriately
applied where power is readily available and tasks do not include continual rapid reversals. But within these domains, they
open up many opportunities. SCP actuators, in particular, provide such high power-to-weight ratio, include natural compliance, retain a slender form factor, are extremely cheap, and
most importantly can be linearly controlled to respond in tens
of milliseconds. We envision that they will be extremely useful
in many areas of robotics, including animatronics, soft-robotics,
assistive and interactive robots, light-weight designs, and in the
do-it-yourself robot communities.
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