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Abstract—This article describes an innovative design of
variable stiffness soft actuator, which can potentially be utilized
for manipulation and locomotion of soft robots. The new
actuator is a combination of two types of actuations: soft
pneumatic actuation and muscle-like supercoiled polymer (SCP)
actuation. Soft pneumatic actuator has two roles: first is to
generate bending motions and second is to increase the stiffness
of the whole actuator together with SCP artificial muscles. SCP
artificial muscles are exploited to generate pre-load to resist the
whole actuator from (excessive) deformation when external load
is applied. These two types of actuations are arranged
antagonistically to realize stiffness tuning of the whole actuator.
At a given bending position, stiffness of the actuator could be
tuned by controlling the pressure inside the air chamber and the
tension on the SCP artificial muscles. In experimental section,
tests are conducted to characterize the applied SCP artificial
muscles before they are applied to the proposed actuator.
Afterwards, tests of proposed actuator are performed to
examine its variable stiffness capability. From experimental
results, the proposed actuator can achieve 3.47 times stiffness
variation ratio from 0.0312 N/mm (40 kPa air pressure and no
SCP actuation) to 0.1083 N/mm (82 kPa air pressure and SCP
actuation at 0.143 W/cm) at the same position (bending angle of
56 degree). This study exhibits the potential of applying SCP
artificial muscles to promote the performance of soft robots.

[. INTRODUCTION

Soft material robots have gained a lot of research interest
within the last two decades owing to their advantages
compared to rigid-bodied robots, including conformability to
objects with various shapes, adaptability to unknown
environments and safety to interact with human beings without
the need for complex control loop [1-3]. Inspired by creatures
from nature, soft robots have broaden the application scenarios
of robots benefited from their inherent compliance.

Although lots of progress have been achieved in soft
robotics field, its further application is still suffered from
several considerable challenges. One of these is the ability to
vary the stiffness of soft robots to fit in with the needs of
different tasks [4]. Natural muscle tissues possess stiffness
tunable properties to perform various tasks and to adapt to the
environments. In soft robots, stiffness tunable properties are
also desirable in order to transfer between rigid, load-bearing
state and compliant, flexible state reversibly. To realize the
variable stiffness functions of soft robot, many approaches
have been proposed which can basically be divided into two
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Fig. 1. Proposed novel variable stiffness soft actuator. (a) Fabricated actuator
prototype. (b) Microphotograph of a 2-ply SCP actuator.

groups: intrinsic adaptive material-based approach and
structure-based approach [5]. Intrinsic adaptive material-based
approach refers to vary stiffness using intrinsically rigidity-
tunable materials [6], including shape memory polymers
(SMP) [7, 8], low-melting-point alloys (LMPA) [9], jamming
materials [10, 11], electrorheological fluids (ERF) [12] and
magnetorheological fluids (MRF) [13], etc. Different from
material-based approach, structure-based approach utilizes
antagonistic arrangement of active actuation elements to
realize variable stiffness [5, 14]. For example, variable
stiffness can be realized by antagonistic arrangement of
McKibben actuators [15], dielectric elastomer actuators
(DEAs) [16], and tendons with fluidic actuators [17]. By
combining soft fluidic actuators with tendon-driven actuators,
researchers have designed several stiffness controllable soft
manipulators that have potential applications in minimally
invasive surgery (MIS) [18, 19]. In these designs, however,
tendons are driven by motors, which makes the whole robotic
system bulky and less cost effective. To address this problem,
in this paper we have proposed a novel soft actuator by
combining soft fluidic actuators with SCP artificial muscles.

Inspired from biological muscles, artificial muscle
technologies have been studied for many years such as shape
memory alloy (SMA) wires [20], carbon nanotube (CNT)
yarns [21] and electronic artificial muscles such as DEA [22].
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Fig. 2. Significances of proposed variable stiffness soft actuator.

Although they all have their own advantages, no technology is
comparable with nature muscles considering all the following
properties: power-to-weight ratio, compliance, fast action
speed and high dynamic range.

Apart from these technologies, recent studies have found
that a new type of artificial muscle can be obtained by twisting
fishing lines and sewing threads until they are fully coiled [23].
These supercoiled polymer artificial muscles can produce
tensile actuation by heating and cooling. Researchers have
found that SCP artificial muscles possess attractive properties
such as high power-to-weight ratio (up to 5.3 kW/kg, higher
than human skeletal muscle [23]), inherent compliance, easy
fabrication and low cost. Due to these superior properties,
several studies of using SCP actuators in robotic applications
have been reported. Yip et al. have studied the controllability
and properties of SCP actuators [24]. Moreover, they applied
the actuators both in a robotic arm as the bicep muscle and in
a robotic hand as actuation mechanism. In their recent study,
bundled SCP actuators were also developed for force
amplification [25]. Wu et al. have thoroughly discussed the
design of a humanoid hand actuated by SCP actuators [26]. In
the study of Sutton et al., they proposed an assistive wrist
orthosis driven by SCP actuators [27]. Furthermore, SCP
actuators have also been applied for reconfigurable rolling
robot [28] and morphing mechanism in flying robot [29]. In
addition to rigid-bodied robots, SCP artificial muscles have
been preliminarily studied for application in soft robots.
Almubarak et al. has reported embedding SCP artificial
muscles in silicone rubbers to realize undulatory and bending
actuations [30]. A synthetic musculoskeletal system was
developed by Wu et al. using antagonistic pairs of SCP
artificial muscles for actuation [31]. In the study of Zhao et al.,
they also investigated a system using supercoiled conductive
thread as curvature sensor for soft robot by monitoring its
resistance change during motion [32]. The authors have also
proposed an inchworm-inspired soft crawling robot actuated
by SCP artificial muscle in recent study [33].

To the best knowledge of the authors, there is no report of
SCP actuators applied for stiffness tuning of soft robots so far.
Integrating SCP actuators into a soft pneumatic actuator in an
antagonistic manner, a novel variable stiffness soft actuator is
obtained in this study. This new actuator is motor-free,
therefore eliminating complex transmission system required
for electric motor and making the actuation system more
compact. Moreover, the flexible SCP artificial muscles would
not demerit the inherent compliance of soft actuator. The novel
variable stiffness actuator is presented in Fig. 1. Fabricated
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Fig. 3. Design principle of proposed actuator. (a) Contraction of the SCP
actuator caused by temperature change. (i) Initial shape of SCP actuator before
heating. (ii) Upon heating, axial contraction is generated along the SCP
actuator. (b) Variable stiffness of the actuator by antagonistic arrangement of
pneumatic actuator and SCP actuators. (i) The actuator bends to a certain
position with inlet pressure p; of pneumatic actuator and SCP actuators
powered off. (ii) The actuator increases its stiffness at the same bending
position with antagonistic actuation of pneumatic actuator (inlet pressure
increases to p,) and SCP actuators (powered on).

actuator prototype is exhibited in Fig. 1(a) and
microphotograph showing the supercoiled structure of a 2-ply
SCP artificial muscle used in this actuator can be seen in Fig.
1(b).

This study aims to propose a new approach to realize
stiffness tuning in soft actuators with the adoption of
supercoiled polymer artificial muscles. Significances of this
study are concluded as following (also see Fig. 2):

1. First study to apply SCP actuator for stiffness tuning
of soft robots;

2. Novel design of variable stiffness actuator with
antagonistic arrangement of pneumatic actuator and SCP
actuator;

3. Potential application in soft manipulators
locomotion robots with variable stiffness functions.

and

The rest of this paper is organized as follows: Section II
presents the working principle of proposed actuator, proposes
a simple theoretical model for analysis and demonstrates the
mechanical design of the actuator. Fabrication of the actuator
is illustrated in Section III. In Section IV, characterization tests
of the SCP artificial muscles used in this study are conducted,
followed by actuator stiffness test to validate the variable
stiffness effects of proposed approach. Finally, Section V
summarizes the paper and discusses future works.

II. THE ACTUATOR DESIGN

A. Design principle
Realization of variable stiffness using antagonistic
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Fig. 4. Analysis of proposed variable stiffness actuator under external load.

behavior takes inspiration from creatures in nature. The
octopus uses muscular antagonism of its longitudinal and
transverse muscle fibers to vary the stiffness of its arm in
order to perform different undersea tasks [34]. In this study,
we adopt soft pneumatic actuation and SCP actuation to
realize antagonism in proposed actuator. Soft pneumatic
actuation provides natural and smooth motion to the actuator,
enabling it with large motion range. While conductive thread
SCP produces actuation strain up to 10% [24], it is not
intended to provide actuation motion. Instead, SCP actuators
are applied to act antagonistically with pneumatic actuator
and facilitate stiffness tuning when needed. The working
principle of SCP actuator is illustrated in Fig. 3(a). Upon
heating, the nylon fiber will expand in its radial direction
while contract in its axial direction. The supercoiled structure
amplifies this thermal expansion property and as a result,
notable contractions are obtained with temperature rise.

Principle of the proposed actuator’s variable stiffness is
illustrated in Fig. 3(b). The actuator is designed to generate
bending motion while SCP actuators are arranged
antagonistically with pneumatic actuation. The whole
actuator bends to angle O at inlet pressure p, inside air
chamber of pneumatic actuator when SCP actuators are
powered off (see Fig. 3(b)(i)). By activating SCP actuators
and increasing air pressure to p, (p, > p;) simultaneously,
the actuator still holds the bending angle @ while these two
types of actuations form antagonism and pre-load is generated
inside the SCP actuator (see Fig. 3(b)(ii)). When external load
F is applied, the deformation of the pneumatic chamber has
to overcome the pre-load produced by SCP actuators. As
such, stiffness of the actuator increases. By controlling the
magnitude of power input of SCP actuators and inlet air
pressure inside the air chamber, the proposed actuator can
achieve different levels of stiffness.

B. Analysis

In order to describe the variable stiffness function of
proposed actuator more clearly, a simple model is derived for
analysis. Stiffness of a structure is defined as the ability to
remain its own shape upon the application of external load. In
this study, actuator stiffness & is calculated as the slope of
force-displacement curve:

ke="2 (1)
where F, is the applied external force at the free end of the

actuator and d is the corresponding displacement caused by
the applied force.

In Fig. 4, deformation of proposed actuator under the
application of external load is presented. The primary shape

SCP actuators
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Fig. 5. Actuator mechanical design. (a) Components of proposed actuator. (b)
Cross-section view showing the internal structure of the actuator. (c) Real
prototype of the actuator after assembly. (i) Top view. (ii) Side view.
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Fig. 6. Fabrication process of the SCP actuator. (a) Conductive nylon thread
is attached to a motor with the other end hung by a dead weight. (b) The motor
rotates and twists the nylon thread. At a certain point, coils appear along the
thread. (c) After being fully coiled, the thread is double backed to form a 2-
ply configuration. (d) Annealing and training of SCP actuator.

is the same as that in Fig. 3(b)(ii). After external load F, is
applied, the actuator deforms to a new position with
corresponding displacement d as shown in Fig. 4. From the
law of energy conservation, the work done by external load
should be equal to work consumed by pneumatic actuator plus
work consumed by SCP actuators, which is expressed as:

We =W, + W; (2)

where W, is the work done by external load F,, W, is the
work consumed by pneumatic actuator and W is the work
done by the contraction force F; generated within SCP
actuator. W, is composed of two proportions: strain energy
W,"stored in the silicone rubber caused by deformation and
W," which is the work done by pressurized air.

For an element displacement Ad (within which F, is
considered as constant), SCP actuator has length variation Al.
Eq. (2) can be rewritten as:
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Fig. 7. Fabrication process of the pneumatic actuator. (a) 1st molding to create
the main body of soft pneumatic actuator. (b) 2nd molding to create the strain
limiting layer of soft pneumatic actuator. (c) Pneumatic actuator after trim of
strain limiting layer from 2nd molding. (d) Fabricated pneumatic actuator
with guides attached for SCP actuators.

F,Ad = W, + FAL(3)

Combining Egs. (1) and (3), actuator stiffness k within
Ad is calculated as:

Fo  Wy+FAl  W,'+W," +FsAL
== a2 T ag “)

At the same bending position as shown in Fig. 3(b) and
same amount of displacement Ad, W, is considered to have a
fixed value at different antagonistic actuation conditions.
Therefore, stiffness k is increased by increasing W," and F;
at a given Ad from Eq. (4). That is, stiffening can be realized
by increasing inlet air pressure of pneumatic actuator and
contraction force of SCP actuator, which is consistent with the
design principle given in Section II-A. It is expected that
larger stiffness can be achieved at larger air pressure and
larger SCP actuator force output. The design principle will be
validated in experimental section.

C. Actuator prototype

Based upon design principle, mechanical design of the
actuator is presented in Fig. 5. The proposed actuator has two
main components: a soft pneumatic actuator and a pair of SCP
actuators (see Fig. 5(a)). The pneumatic actuator has four
attached small guides for assembly of SCP actuators. Cross-
section view (see Fig. 5(b)) shows the internal structure of the
actuator. Strain limiting layer of the pneumatic actuator and
the air chamber structure enable it to realize bending
actuation. Real prototype of the actuator is shown in Fig. 5(c).

III. FABRICATION

The fabrication of proposed actuator includes fabrication
of the SCP actuator and of the pneumatic actuator separately,
which will be illustrated in the following. Once fabrication of
these two components are completed, the proposed actuator
shown in Fig. 5 can be obtained after assembly.

A. Fabrication of the SCP actuator

The SCP actuator is formed by a conductive nylon thread
(Silver Plated Nylon 66, Shieldex Conductive Yarn, 110/34
dtex HC). The silver coating enables the heating and activation
of SCP actuator when directly powered on. Cost of this
conductive nylon thread is around $0.03 per meter, which is
much cheaper than other artificial muscles and validates the
significance of being cost effective shown in Fig. 2.
Fabrication process of the SCP actuator includes the following
steps (see Fig. 6):

1. A conductive nylon thread is twisted until it is fully
coiled; one end of the nylon thread is fixed to motor, the
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Fig. 8. Actuation stroke test. (a) Set-up diagram. (b) Real set-up.

Marker

Heating Cooling
T

_ 2 4 —e— 0.143Wem| g
£ o] ——1 * 0.13Wem g o
H 1 —&—0.117Wem 5 e
8 \ 1 =T .
% 74 ¥4 N i s EE y=T1x-169 L
2 5 o + - 0.091Wiem! 2 -
5 -+ 1 - 3 =
2, /o \ 2 g
® /1% LA € 7 ,

4 [ 1P 4 W § 2
2 ) . X “u
o . H ]
£ 3] /¥ B £ ’

LA 2 -

g2 J . €
3/ ; I =
5 - i

A 4 T T
8 0 12 " % 1. 20 0.08 010 0.12 0.14 016
Time (s) Pawer per Length (W/cm)
(a) (b)

Fig. 9. Actuation stroke test results. (a) Actuation stroke (% loaded length)
vs. time curve under different power per length conditions. (b) Relationship
between maximum actuation stroke and power per length.
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other end is hung by a dead weight (30g in this study) to
keep the fiber straight and taut during coiling;

2. Coiled 1-ply SCP actuator is double backed to form a
2-ply actuator, which also prevents the actuator from
unwinding;

3. “8”-shape compression copper sleeves are added to the
ends of SCP actuator to act as electrodes for reliable
connection with power supply;

4. Annealing and training of SCP actuator eliminate
residual stress and large actuation capacity can be
achieved.

In this study, 2-ply SCP actuators are fabricated and
applied in proposed actuator due to their ease of fabrication. 3-
ply SCP actuators also can be fabricated by plying three 1-ply
SCP actuators, which is not shown in this paper. Basically,
fabrication of the SCP actuator used in this study follows the
instructions from [24]. More details and precautions about the
fabrication process can be found in [23], [35] and [36].

B. Fabrication of the proposed variable stiffness actuator

In this study, we expect to realize easy fabrication of the
actuator. Therefore, a soft pneumatic actuator is designed that
could be fabricated in a simple and fast way. Fabrication
process of the pneumatic actuator is illustrated in Fig. 7,
which mainly includes two-step molding. In the first step,
main body of the pneumatic actuator is molded with silicone
rubber 1 to obtain the air chamber (see Fig. 7(a)). In the
second step, strain limiting layer is molded using silicone
rubber 2 that has higher strength than silicone rubber 1 (see
Fig. 7(b)). Parameters of these two types of silicone rubbers
are given in Table I. All the molds are 3D printed by a
commercial fused deposition modelling (FDM) 3D printer
using polylactic acid (PLA) filament. After molding, guides
for SCP actuators (molded in advance using silicone rubber
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Fig. 11. Output force test results. (a) Force-time curve for two cycles under
different power per length conditions. (b) Relationship between maximum
output force and power per length.
2) are attached to the pneumatic actuator and the pneumatic
actuator is obtained (see Fig. 7(d)). Afterwards, two SCP
actuators are assembled to the pneumatic actuator body
through holes in guides with pre-tension of 0.1 N. The effect
of different pre-tension values on the actuator performance
will be further studied in future research. The initial shape of
the actuator after assembly is shown in Fig. 5(c)(ii). The
curved shape from side view results from the pre-tension
during assembly.

TABLE L MAIN PARAMETERS OF SILICONE RUBBERS COMPOSING THE
PNEUMATIC ACTUATOR
Silicone rubber 1 Silicone rubber 2
Properties Ecoflex™ 00-50 Shin-Etsu RTV
(KE-1310ST)

Density (g-cm™) 1.07 1.08
Tensile strength (MPa) 2.17 5.7
Elongation at break (%) 320 980

IV. EXPERIMENTS AND RESULTS

In this section, firstly experiments are performed to
characterize the SCP actuators fabricated in Section III-A
before they are applied to the proposed variable stiffness
actuator. The characterization tests include actuation stroke
test and force generation test. Afterwards, we conduct stiffness
test on the proposed actuator to investigate its variable stiffness
function and to validate our design proposal.

A. Characterization of 2-ply SCP actuator

1) Actuation stroke test

In this test, tensile contractions of fabricated 2-ply SCP
actuator are investigated upon heating with different
magnitudes of power. In order to make the test result versatile
to SCP actuators with different length, the power input is
normalized by SCP actuator’s length so that power per length
is chosen as the power input unit. For consistency, the power
per length in this study always refers to the electrical power
applied to SCP actuator normalized by its original unloaded
length. The test set-up is presented in Fig. 8. The SCP actuator

crew
{a)
Fig. 12. Experimental set-up for stiffness test. (a) Set-up diagram. (b) Real
set-up.

is fixed at one end and hung by a weight at the other end. A
weight of 50 g is chosen which is the appropriate load required
to act antagonistically with pneumatic actuator (actuation
pressure: 0~100 kPa). The initial length of SCP actuator is 15
cm and length after loading is 16.4 cm. Actuation stroke is
calculated as the ratio of contraction length to primary loaded
length. A camera records the position change of marker
attached to the end of the SCP actuator and thus actuation
stroke is measured. The input power is provided by a DC
power supply (NSP-2050, Manson Engineering Industrial
Ltd.). Power per length for the SCP actuator varies from 0.091
W/ecm to 0.143 W/cm with an interval of 0.013 W/cm. At
0.091 W/cm, the electrical resistance of SCP actuator is 59.2Q.
In this test, the power supply is 10 s ON for heating and 10 s
OFF for cooling as a cycle. The actuation stroke is measured
every 2 s. At each magnitude of power, three heating and
cooling cycles are conducted. Average values as well as
standard deviations are calculated and the test results are
shown in Fig. 9.

In Fig. 9(a), curves of actuation stroke vs. time at different
power magnitude levels are presented. It shows that 90% of
both contraction (heating) and relaxation (cooling) of the SCP
actuators are obtained within 6 s starting from power switch
(time starts from O s and 10 s respectively). This offers us a
reference for controlling SCP actuators in following
application. In fact, faster response can be achieved by
improved power input strategy such as short pulse and active
cooling designs [24, 26]. As the result indicates, a maximal
actuation stroke of 8.39% can be achieved at 0.143 W/cm.
Besides, the actuation stroke gets larger with increase of power
magnitude. To examine the relationship between maximal
actuation stroke and power magnitude, Fig. 9(b) is drawn
which shows a positive linear correlation between them.

2) Output force test

To investigate force generation capability, output force
characterization of the same SCP actuator is performed and the
experimental set-up is demonstrated in Fig. 10. One end of the
SCP actuator is fixed while the other end is connected to a load
cell with pre-load. In this test, the output force using a load cell
(ATI mini27 Sensor) is explicitly measured. Similar to
actuation stroke test, power supply is also 10 s ON and 10 s
OFF but with 1~2 s delay for stable data collection. Two cycles
are conducted and output force-time curve is shown in Fig.
11(a). The tendency of force variation with time is consistent
with actuation stroke test. To quantify the relationship between
maximum output force and power input, the average force data
between 7 s to 11 s has been calculated and then the initial
force shown in Fig. 11(a) is deducted to get the maximal output
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Fig. 13. Actuator stiffness test results. (a) Force-displacement curve at
different antagonistic actuation conditions. (b) Actuator stiffness
(experimental values obtained from force-displacement curve) at different
antagonistic actuation conditions.

force for each power magnitude and the results are illustrated
in Fig. 11(b). It is obvious that the output force also gets larger
with increase of power magnitude. The output force achieves
0.25 N at 0.091 W/em and 0.35 N at 0.143 W/cm. The data in
Fig. 11(b) is also positively correlated.

B. Characterization of proposed variable stiffness actuator

Based on the design principle and analysis, it is expected
that stiffness of proposed variable stiffness actuator can be
tuned by varying the power magnitude of SCP actuators and
the input air pressure of the pneumatic actuator
simultaneously. With characterization results of SCP
actuators obtained, test on the assembled actuator can be
operated. In this section, actuator stiffness test is performed
to verify our design proposal.

Based upon the stiffness definition given in Section II-B,
experimental set-up of the stiffness test is presented in Fig. 12.
The tested actuator is mounted on a motor-driven screw linear
guide. A digital force gauge (range: 0—10 N, precision: 0.01 N)
is used to measure the applied force F on the actuator when the
tested actuator moves horizontally on the linear guide. The
displacement d at the actuator end is controlled to range within
0~10 mm with an interval of 2 mm. At each displacement, the
force gauge records the corresponding applied force.

In this test, the tested actuator is actuated to form a bending
angle #=56° for case study. Bending angle # is measured using
a coordinate paper. Power input for both SCP actuators varies
from 0.091 W/cm to 0.143 W/cm, same as the characterization
test. Inlet air pressure of the pneumatic actuator is regulated by
pressure control valve (SMC ITV1030-212L, output
0.005~0.5MPa). The test is conducted at different antagonistic
actuation conditions. The first condition is pneumatic
actuation only at 40 kPa with SCP actuators powered off,
followed by 53 kPa, 0.091 W/cm; 60 kPa, 0.104 W/cm; 65
kPa, 0.117 W/cm; 71 kPa, 0.13 W/cm and 82 kPa, 0.143
W/em, in total 6 antagonistic actuation conditions. At each
condition, the measurement is repeated three times and
average values are calculated. The force-displacement data
obtained is presented in Fig. 13(a). Since the data seem to have
non-linear variation trend, polynomial fitting (two order) is
performed. The force-displacement fitting curves are
approximately linear when displacement falls within the range
of 0~5 mm. At displacement Ad=5mm (Ad is small compared
to the total length of the actuator), slopes of the curves are
calculated as experimental stiffness values.

From force-displacement curve, applied force on the
actuator is larger as input pressure and power magnitude

increase at the same displacement. At displacement of 10 mm,
applied force is 1.14 N for 82 kPa, 0.143 W/cm and only 0.62
N for 53 kPa, 0.091 W/cm. The applied force with no SCP
actuation and air pressure 40 kPa is even smaller, as 0.32 N.
From experimental stiffness values in Fig. 13(b), stiffness
variation ratio of the proposed actuator can achieve 3.48 times
from 0.1083 N/mm (82 kPa, 0.143 W/cm) to 0.0311 N/mm (40
kPa, no SCP actuation) at the same bending angle.
Furthermore, the ratio is 1.69 from 0.1083 N/mm (82 kPa,
0.143 W/cm) to 0.064 N/mm (53 kPa, 0.091 W/cm). The
experimental result validates our design proposal of realizing
variable stiffness at the same position by antagonistic
arrangement of SCP actuator and pneumatic actuator.

V. CONCLUSION AND DISCUSSION

In this article, we have developed an innovative variable
stiffness soft actuator by combining soft pneumatic actuation
with SCP artificial muscles. The actuation arrangement of
these two actuation elements is able to vary the stiffness of
proposed actuator by generating preload to resist deformation
caused by external load. We have fabricated an actuator
prototype based upon the design principle and performed
experiments to validate its variable stiffness function.
Through experiments, the actuator can achieve stiffness
tuning by adopting the antagonistic actuation principle. This
study shows the potential of applying SCP artificial muscles
in soft robots not only for actuation but also for variable
stiffness functions. We believe that SCP artificial muscles can
open up more possibilities in soft robotics field due to their
superior properties.

It is worth mentioning that the proposed actuator is also
perceptive which is another essential function expected in soft
robots [37]. The resistance of conductive supercoiled nylon
thread is found to change linearly with respect to its
elongation due to the variation in cross section area [32]. In
our design, SCP artificial muscles can act as curvature sensors
when they are powered off (Fig. 3(b)(i)) by monitoring their
resistance change during motion. This endows the actuator
with multifunction: not only variable stiffness but also
curvature sensing. Sensor calibration and curvature feedback
evaluation will be conducted in future works.

The application of SCP artificial muscles in realizing the
stiffness tuning of soft actuator still has some challenges to
overcome such as actuation speed and initial pre-stress in
assembly that need to be further investigated in order to
improve its performance. In future research, we hope to
develop actuators with more pneumatic chambers and
different SCP artificial muscles configuration for stiffness
tuning at more directions. Performance of SCP artificial
muscles will also be improved. For example, bundled SCP
artificial muscles can offer larger output force and could be
applied to realize a larger ratio of stiffness variation.
Moreover, thermal sensor could be added to the SCP artificial
muscles for close loop control [24, 38]. We also intend to
apply the actuators in real application scenarios, such as soft
grippers, soft locomotion robot and soft wearable devices.
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