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ABSTRACT
Supercoiled polymers (SCP) actuator, as a recently discov-

ered artificial muscle, has attracted a lot of attention as a com-
pliant and compact actuation mechanism. SCP actuators can be
fabricated from nylon polymer threads, and generates up to 20%
strain under thermal activation. A common challenge, however,
is to accurately and efficiently estimate the performance of SCP
actuators considering their significant hysteresis among loading,
strain, and power input. Previous studies adopted either linear
models that failed to capture the hysteresis or phenomenological
models that required tedious procedures for identification and
implementation. In this paper, a physics-inspired model is pre-
sented to efficiently capture and estimate SCP actuators’ strain
– loading hysteresis by analyzing the properties of nylon threads
from which they are fabricated. The strains of SCP actuators are
found to be linear to that of the nylon threads under the same
loading conditions. An efficient approach is proposed to charac-
terize and estimate the strain – loading hysteresis of SCP actua-
tors fabricated with different numbers of nylon threads. A helical
spring model is adopted to obtain the stiffness of SCP actuators
with different configurations. Experimental validation involving
two-ply, four-ply, and six-ply nylon threads and SCP actuators
are provided to confirm the effectiveness of the proposed model.

∗Address all correspondence to this author.

INTRODUCTION
Artificial muscles are materials that can change their shapes

under external stimuli and produce biologically inspired motions
to make systems move [1, 2]. They are advantageous over tradi-
tional actuators like electromagnetic motors and hydraulic actu-
ators, mainly because they are more compliant and lightweight,
and can be utilized to develop compliant structures without com-
plex linkages [3, 4]. Artificial muscles have shown strong poten-
tial as the moving mechanism for robotic applications, such as
biomimetic robots, robotic prosthetics, exoskeletons, soft robots,
and medical robots [5–7].

Supercoiled polymers (SCP) actuators, or referred as twisted
and coiled polymer actuators, belong to an emerging artificial
muscle technology [8]. SCP actuators, as shown in Figure 1,
can be fabricated by coiling off-the-shelf nylon polymer threads
or other fibers and filaments, like carbon nanotube yarns, fish-
ing lines, and sewing monofilaments [8]. Under thermal stimuli,
which is often realized by electric power-induced Joule heating,
SCP actuators can contract significantly [8–10]. While being
a new technology first created in 2014 [8], the SCP actuation
has attracted a lot of attention in both the materials and robotics
communities mainly because of their highly economic fabrica-
tion process, high power density, and the large actuation range
[2, 8, 10, 11]. For example, up to 21% tensile strain was demon-
strated with the non-mandrel-coiled SCP actuators [11,12], up to
49% strain was reported for mandrel-coiled SCP actuators [8]. In
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FIGURE 1. (a). A nylon thread. (b). A super-coiled polymer (SCP)
actuator heat treated in an oven. (c). An SCP actuator fabricated using
procedures in [12, 18] and heat treated by applying electrical pulses.

the past 5 years, there has been a rapid increase of efforts devoted
to SCP actuators and SCP-actuated systems. The most popular
applications are robotic fingers, hands, and arms, soft robots, and
assitive robots [12–17].

With the tremendous interests and preliminary successes,
however, it remains to be challenging to accurately and effi-
ciently estimate the performance of SCP actuators. An impor-
tant reason is that SCP actuators exhibit significant and complex
hysteresis behaviors that are difficult to be understood and cap-
tured. As a typical type of nonlinearities, hysteresis appears in
various types of smart materials. For a hysteretic system, the out-
put of the system depends on both the current input and the in-
put history, even under quasi-static conditions [19, 20]. The hys-
teretic relationships of SCP actuators between force and strain
[12, 21], strain and temperature [8], and under varying loads and
temperatures [22] have been reported. Furthermore, the three-
dimensional hysteresis among force, strain, and electric power
was presented [23].

The existing studies failed to estimate the hysteresis prop-
erties of different SCP actuators efficiently. They either adopted
simplified linear models that were unable to capture the hystere-
sis or phenomenological hysteresis models that required tedious
procedures for identification and implementation. Early studies
predominantly adopted linear models by approximating the hys-
teresis as a linear damping term. For example, Yip et al. pre-
sented the first study to model SCP actuators using a linear dy-
namical model [12]. Force and position controllers were pro-
posed in [16, 24, 25], but only linear models and proportional-
integral-derivative (PID) controls were adopted. With a linear
model, it was found that over 15% modeling error could be gen-
erated [18]. The first approach to capture the strain – voltage hys-
teresis in SCP actuators under different loading conditions using
the augmented Preisach model and augmented Prandtl-Ishlinskii
model was proposed in [18]. A Duhem differential model was
proposed to describe the strain – temperature hysteresis [26].
The three-dimensional hysteresis was further modeled by em-
bedding two Preisach operators [23]. However, all hysteresis

models presented for SCP actuators were phenomenology-based
that not only required tedious procedures for identification and
implementation, but also only worked for a given SCP actuator.
Repetitive and tedious procedures are needed to model the hys-
teresis of a different SCP actuator. It is desirable to develop an
approach to capture the hysteresis behaviors of different SCP ac-
tuators efficiently by exploring their physical properties.

Modeling the hysteresis of SCP actuators directly using
physics is a very challenging task. Firstly, the current studies
on SCP actuators haven’t reached an agreement on the cause of
hysteresis. Although a few studies suggested that the hysteresis
effects might be induced by the friction among adjacent coils dur-
ing actuator operation [9,12], the hysteresis may also be relevant
to the inherent hysteresis property of nylon polymers from which
SCP actuators are fabricated [27]. Secondly, phenomenologi-
cal models are more popular than physical approaches to capture
hysteresis in smart materials, mainly due to their effectiveness
and efficiency. That being said, the process of developing this
type of models is tedious as mentioned before. Phenomenolog-
ical models, such as the Preisach operator [20], Krasnoselskii-
Pokrovskii model [19], Prandtl-Ishlinskii model [28], Duhem
model [29], and Bouc-Wen model [30], are widely adopted to
successfully capture hysteresis in various materials and struc-
tures with standardized implementation procedures. Very few
physical models have been presented for SCP actuators [31, 32],
and they couldn’t capture the hysteresis.

This paper presents the first study on physics-inspired mod-
eling to capture and estimate SCP actuators’ strain – loading hys-
teresis by analyzing the properties of nylon threads from which
they are fabricated. The presence of hysteresis in nylon fibers
has been established previously [27]. Unlike the claim by exist-
ing studies that the hysteresis of SCP actuators is induced by the
friction between adjacent coils, we found that the strain of SCP
actuators is linearly correlated to that of the nylon thread under
the same loading conditions. This suggests that the strain – load-
ing hysteresis of SCP actuators is determined by the properties
of nylon. The developed model combines the Preisach opera-
tor and helical spring model, and can be used in a general and
efficient fashion to predict hysteresis in SCP actuators with dif-
ferent thicknesses unlike previously developed models that are
more restricted. A helical spring model is adopted to obtain the
stiffness of SCP actuators. Experimental validations involving
two-ply, four-ply, and six-ply nylon threads and SCP actuators
are provided to show the effectiveness of the proposed approach.

The remainder of the paper is organized as follows. First,
preliminary experimental illustration is provided to show the cor-
relation between the hysteresis in SCP actuators and nylon poly-
mer threads. The Preisach model and helical spring model are
then briefly reviewed, and the proposed model is presented. After
which the effectiveness of the proposed approach is experimen-
tally verified. Finally, concluding remarks and brief discussions
on future work are provided.
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FIGURE 2. The hysteresis between the loading and the strain of (a) a 4-ply nylon thread and (b) an SCP actuator fabricated from the 4-ply nylon
thread. (c) The correlation of the nylon thread strain and the SCP actuator strain under the same loading condition.

PRELIMINARY EXPERIMENTAL ILLUSTRATION
Preliminary experiments were conducted to find the corre-

lation of the hysteresis properties in SCP actuators and the cor-
responding nylon threads that the SCP actuators were fabricated
from. For a 4-ply nylon thread, different loading conditions were
applied within the range of [40, 500] g. Each loading condi-
tion was held for 3 minutes to ensure steady-state conditions are
reached. In the end of each step, the steady-state elongation and
the corresponding strain value were recorded.

The relationship between the loading and strain of a 4-ply
nylon thread is shown in Figure 2(a). As it illustrates, a signifi-
cant hysteresis was observed. The same loading conditions were
tested for the SCP actuator fabricated from 4-ply nylon thread,
and the hysteresis between the loading and strain of the SCP ac-
tuator is shown in Figure 2(b). Since the tested loading condi-
tions were the same for the nylon thread and the SCP actuator,
the corresponding strain values of the nylon thread and SCP ac-
tuator were correlated in Figure 2(c). It’s found that the strain
correlation can be approximated as a linear term. It can be in-
ferred that there exists a linear mapping between the strains of
the nylon thread and the SCP actuator. The load-displacement
hysteresis of the SCP actuators is thus induced by the inherent
property of nylon thread [27]. Based on the correlation, a model
will be proposed to predict the hysteresis of an SCP actuator
made out of nylon thread with any given ply number. A more
detailed discussion will be presented in Sections Experimental
Setup, Experimental Results, and Proposed Model.

REVIEW OF THE PREISACH OPERATOR AND HELI-
CAL SPRING MODEL
Preisach Operator

The Preisach operator is one of the most popular and accu-
rate models to capture hysteresis [19, 20], and is thus adopted in

this study. The Preisach operator can be expressed as a weighted
integration of delayed relays, called Preisach hysterons. The out-
put of the Preisach hysteron, γβ ,α , can be expressed as

γβ ,α [v(·);ζ0(β ,α)] =

+1 if v > α

−1 if v < β

ζ0(β ,α) if β ≤ v≤ α

, (1)

where α and β determine the thresholds, v(·) denotes the input
history v(τ), 0 ≤ τ ≤ t, ζ0(β ,α) ∈ {−1,1} is the initial condi-
tion.

By integrating different Preisach hysterons, the output of a
Preisach operator, Γ, can be expressed as

u(t) = Γ[v;ζ0](t) =
∫

P0

µ(β ,α)γβ ,α [v;ζ0(β ,α)](t)dβ dα, (2)

where µ is the density function and P′ = {(β ,α) : vmin ≤ β ≤
α ≤ vmax} is the Preisach plane. The Preisach plane defines the
region of integration. Given the input history v(τ), 0≤ τ ≤ t, the
outputs of all hysterons can be computed using Eq. (1).

To identify the density function µ(β ,α) efficiently, the fol-
lowing discretization procedure is often employed: the density
function is discretized to a piecewise constant function – the den-
sity value is constant within each lattice cell but could vary from
cell to cell [33]. Figure 3 shows an example of discretization
of the density function into L levels and L(L+ 1)/2 cells, each
cell is associated with a constant density value, µi j. With this
discretization scheme, the model output at time n is written as:

3 Copyright © 2019 by ASME



L

m

L

L

m m L m

L

L

L L

FIGURE 3. Discretization of the Preisach density function.

ũ(n) = uc +
L

∑
i=1

L+1−i

∑
j=1

µi jsi j[n], (3)

where uc is a constant bias, si j[n] is the signed area of the cell
(i, j), namely, its area occupied by hysterons with output +1 mi-
nus that occupied by hysterons with output−1. The boundary of
the two regions is the memory curve. As an example, the mem-
ory curve shown in Figure 3 is denoted as ψ0. The outputs of
the hysterons within the shaded area are 1 and the remaining are
−1. Readers are referred to [34–36] for more details about the
Preisach operator.

Helical Spring Model
The helical spring model predicts the stiffness coefficient of

a spring based on its geometry. It can be employed to compute
the stiffness of the SCP actuators manufactured with different ply
numbers of nylon thread. The stiffness coefficient K of a helical
spring is determined using the following equation:

K =
d4G
8nD3 , (4)

where d is the wire diameter, D is the outer diameter, G is the
rigidity modulus, and n is the number of coils. More details on
the helical spring model can be found from chapter 10 in [37].
The equation presented here is used to calculate the theoretical
values of stiffness of SCP actuators.

PROPOSED MODEL
A mathematical model is presented that correlates the hys-

teresis in SCP actuator with the hysteresis in the corresponding
nylon thread from which the SCP actuators are fabricated. This
implies that given the strain – loading hysteresis of the nylon
thread, the strain – loading hysteresis of the SCP actuator can
be predicted. Furthermore, the correlation between the strains of
nylon threads with different ply numbers is intuitively explained.
The correlation between the strains of different SCP actuators is
obtained using the helical spring model.

Without loss of generality, the derivation is presented to
compute the hysteresis of SCP actuators manufactured from a q-
ply nylon thread based on the knowledge of a p-ply nylon thread.
Assume the stiffness of a p-ply nylon thread is Knylon,p. The
strain – loading hysteresis of a p-ply nylon thread can be ex-
pressed as

Snylon,p = Γ[Fload;ζ0](t), (5)

where Snylon,p denotes the strain of the p-ply nylon thread, and
Fload is the applied loads.

For the SCP actuator fabricated by the p-ply nylon thread,
the strain – loading hysteresis can be described as

SSCP,p =
Knylon,p

KSCP,p
Γ[Fload;ζ0](t), (6)

where KSCP,p is the stiffness of the SCP actuator manufactured
from the p-ply nylon thread, which can be obtained using Eq.
(4).

For a q-ply nylon thread, the strain – loading hysteresis re-
lationship can be written as

Snylon,q = Γ[
q
p
·Fload;ζ0](t) =

p
q
·Γ[Fload;ζ0](t). (7)

This can be explained considering the stiffness of the q-ply nylon
thread is q

p Knylon,1. Another way of explanation is that load q ·
Fload applied to a q-ply nylon thread and load p ·Fload applied to
a p-ply thread will generate the same amount of strain.

Finally, for an SCP actuator fabricated from a q-ply nylon
thread, the strain – loading hysteresis can be expressed as

SSCP,q =
KSCP,q

KSCP,p
·SSCP,p (8)
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Through the proposed model, the hysteresis in SCP actua-
tors can be estimated using the hysteresis in nylon threads and
modelled using the Preisach operator (Eq. (3)) and the helical
spring model (Eq. (4)).

EXPERIMENTAL SETUP
SCP Actuator Fabrication

Following our previous study [18], the V Technical Textiles
Conductive Yarns (110/34 dtex, Denier:110/34f) were used to
manufacture SCP actuators. They can consistently generate 10-
15% strains. The manufacturing process consists of two steps,
namely, coiling and heat treatment. Coiling was realized by a
motor, and heat treatment was realized either using an oven or
applying electrical pulses. Samples of fabricated SCP actuators
under different heat treatment conditions were shown in Figure
1. After heat treatment, the length of the coiled thread converges
and the SCP actuator is created. In this study, different SCP actu-
ators were fabricated from 2-ply, 4-ply and 6-ply nylon threads,
and their resting lengths were all approximately 100 mm. The
number of turns for coiling, the temperature or peak voltage ap-
plied for heat treatment, and the number of cycles during heat
treatment varied with the ply number and were usually deter-
mined experimentally. More details about the manufacturing of
SCP actuators can be found in [12] and [18].

Experimental Setup
The experimental setup is shown in Figure 4. A rigid beam

was used to suspend the nylon thread/SCP actuator. To measure
the strain, a linear distance sensor (SPS-L035-LATS, Honeywell)
which has a resolution of 0.04 mm was used. It measured the
displacement based on the position of a magnet. The magnet
was attached to the free end of the nylon thread/SCP actuator.
The additional weight due to the magnet was around 20 g. The
output voltage from the sensor was recorded using a multimeter.
These voltage readings were later converted into displacement
and strain values. The free end was used for loading.

EXPERIMENTAL RESULTS
The proposed model can capture the hysteresis of SCP actu-

ators by utilizing the hysteresis of a nylon thread that the actuator
is fabricated from. The linear correlation of strains is briefly pre-
sented in Section Preliminary Experimental Illustration and
will be discussed in detail in this section. To evaluate the perfor-
mance of the modeling performance, the average absolute error
and standard deviation were utilized in this study:

SCP Actuator

Distance Sensor

Load

Multimeter

Power Supply

FIGURE 4. The experimental setup for strain measurements.

Eaverage =

M
∑

i=1
|ei|

M
, (9)

σ =

√√√√√ M
∑

i=1
(|ei|−Eaverage)2

M−1
, (10)

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

Model Identification
2-Ply Nylon Thread and SCP actuators Experiments

were conducted to measure the hysteresis of a 2-ply nylon thread
and the corresponding SCP actuator. A sequence of loading con-
ditions ranged from [20, 250] g were applied, as shown in Figure
5(a). This sequence followed a damped oscillations profile to sat-
isfy the sufficient excitation condition required to fully identify
the Preisach operator [38].

The model was identified efficiently as a linear least-squares
optimization problem [20]. The level of discretization of the
Preisach operator, L, was chosen to be 10, and the constant bias,
uc, was found to be 1.73%. Figure 5(b) shows the hysteresis
measurement and modeling results of the loading – strain hys-
teresis of 2-ply nylon thread. The modeling error was 0.02 ±
0.02%, as presented in Figure 5(c)). In this paper, the unit of the
error, %, is the error of the strain output, not the error percent-
age. The term “index” refers to the numbering of the quasi-static
strain values. Considering that the strain range was over 3%, the
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FIGURE 5. (a). The loading input sequence versus time. (b). The experimental measurement, modeling results, and (c) modeling error of the
loading – strain hysteresis of a 2-ply nylon thread. (d). The linear fitting of the strain correlation between the SCP actuator and nylon thread. (e). The
experimental measurement, modeling results, and (f) modeling error of the loading – strain hysteresis of an SCP actuator.

proposed model is very accurate. Figure 5(d) illustrates the cor-
relation of strains between the nylon thread and SCP actuator, as
well as the linear fitting. It can be seen that the strain correla-
tion between the Nylon and SCP actuator is not hysteretic and
can be approximated as a linear term. The strain of SCP actua-
tor was approximately 6.9447 times as that of the nylon thread –
this means that Knylon,2/KSCP,2 = 6.9447. Using this linear cor-
relation, the modeling results and the error for the hysteresis in
SCP actuator were obtained and plotted in Figure 5(e)-(f). The
modeling error was 0.37 ± 0.26%. Considering that the strain
range of the SCP actuator was over 23%, the model can accurate
capture the hysteresis.

4-Ply Nylon Thread and SCP actuators Similar ex-
periments were conducted to estimate the hysteresis in SCP ac-
tuators fabricated from 4-ply nylon thread. Since 4-ply nylon
thread was used, the corresponding loading values were twice
as the 2-ply nylon thread experiment with the loading range of
[40, 500] g. The experimental data and modeling performances
were obtained. Figure 6(a) shows the hysteresis measurement
and modeling results of the loading – strain hysteresis in 4-ply

nylon thread. The modeling error was 0.02 ± 0.02%. Consid-
ering that the strain range was over 3%, the proposed model is
very accurate. Figure 6(b) illustrates the correlation of hystere-
sis between the nylon thread and SCP actuator, as well as the
linear fitting. It can be seen that the strain correlation between
the nylon thread and SCP actuator could also be approximated
as a linear term. The strain of SCP actuator was approximately
7.01 times as that of the nylon thread. Using this linear corre-
lation, Knylon,4/KSCP,4 = 7.01, the modeling performance of the
hysteresis in SCP actuator were obtained and plotted in Figure
6(c). The modeling error was 0.51 ± 0.34%. Again, the model
can accurately describe the hysteresis in SCP actuator since the
strain range is over 25%.

6-Ply Nylon Thread and SCP actuators To esti-
mate the hysteresis in SCP actuators fabricated from 6-ply ny-
lon thread, a loading sequence ranged from [60, 750] g were
generated and applied. The experimental data and modeling
performances were obtained. Figure 6(d) shows the hysteresis
measurement and modeling results of the loading – strain hys-
teresis in 6-ply nylon thread. The modeling error was 0.03 ±
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FIGURE 6. The hysteresis measurement and modeling results of (a) a 4-ply nylon thread and (d) a 6-ply nylon thread. The linear fittings of the strain
correlation between the (b) 4-ply nylon thread and the corresponding SCP actuator and (e) 6-ply nylon thread and the corresponding SCP actuator. The
hysteresis measurement and modeling results of SCP actuators using (c) 4-ply nylon thread and (f) 6-ply nylon thread.

0.03%. Figure 6(e) illustrates the correlation of strains between
the nylon thread and SCP actuator, as well as the linear fitting.
Again, it is evident that the strain of SCP actuator linearly cor-
related with that of the nylon thread. The strain of SCP actuator
was approximately 12.54 times as that of the nylon thread, and
Knylon,6/KSCP,6 = 12.54. Using this linear correlation, the model-
ing results for capturing the hysteresis in SCP actuator were ob-
tained and plotted in Figure 6(f). The modeling error was 0.78±
0.65%. The model can accurately describe the hysteresis in SCP
actuator considering the strain range is around 50%. Overall, it’s
concluded that the strain of SCP actuators is linearly correlated
with the strain of nylon thread, and the proposed model can be
employed to accurately and efficiently capture the hysteresis in
SCP actuators with any thicknesses.

Model Verification
To verify the accuracy of the model, a randomly-chosen

loading sequence was applied to the nylon thread and the cor-
responding SCP actuator. The steady-state experimental strain
values were obtained in the same manner as in Section Prelimi-
nary Experimental Illustration.

Figure 7(a) shows the loading sequence for the 2-ply nylon
thread and the resulted SCP actuator. Based on the identified
model, the strain estimation for the nylon thread and SCP actu-
ator were obtained. The model estimation and the experimental
measurements were shown in Figure 7(b). Figure 7(c) shows the
model verification errors for both the SCP actuator and the 2-
ply nylon thread. The verification error of the nylon thread and
SCP actuator is 0.07 ± 0.02% and 0.39 ± 0.28%, respectively.
The model verification errors were only slightly higher than the
model identification error. This confirms the effectiveness of the
modeling approach.

Figure 7(d) shows the loading sequence for the 4-ply nylon
thread and the resulted SCP actuator. Based on the identified
model, the strain estimation for the nylon thread and SCP actu-
ator were obtained. The strain estimation and the experimental
measurements were shown in Figure 7(e). Figure 7(f) shows the
model verification errors for both the SCP actuator and the 4-ply
nylon thread. The verification error for the nylon thread and SCP
actuator is 0.09 ± 0.03% and 0.39 ± 0.19%, respectively. Simi-
larly, Figure 7(g) shows the loading sequence for the 6-ply nylon
thread and the resulted SCP actuator. The estimated strain and
the experimental measurement were shown in Figure 7(h). As
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FIGURE 7. The loading input sequences versus time for (a) 2-ply nylon thread and the corresponding SCP actuator, (d) 4-ply nylon thread and the
corresponding SCP actuator, and (e) 6-ply nylon thread and the corresponding SCP actuator. The hysteresis model verification results of (b)-(c) 2-ply
nylon thread and the corresponding SCP actuator, (e)-(f) 4-ply nylon thread and the corresponding SCP actuator, and (h)-(i) 6-ply nylon thread and the
corresponding SCP actuator.

Figure 7(i) shows, the verification errors for the nylon thread and
SCP actuator is 0.06 ± 0.03% and 0.35 ± 0.26%, respectively.
Human errors while conducting the experiment and general mod-
eling errors can be held accountable for existence of verification
error. The model verification results further confirm the effec-
tiveness of the modeling approach.

Discussions on Stiffness of SCP Actuators
The stiffness of the SCP actuators can be calculated from

the experimental hysteresis data by obtaining a linear approxi-
mation between the loads and the corresponding displacements.
The stiffness corresponding to 2-ply, 4-ply and 6-ply SCP ac-
tuators suggests that with the increase in ply-number, the stiff-
ness increases. This phenomenon can be explained by adopting
the helical spring model presented in Subsection Helical Spring
Model.
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TABLE 1. Configuration and stiffness of SCP actuators

Ply Number d (mm) D (mm) n KSCP,p
KSCP,2

2 0.25 0.35 440 1

4 0.31 0.53 280 1.06

6 0.41 0.68 220 1.97

A closer examination of the SCP actuator suggests that the
geometry of the twisted and coiled nylon component (Figure 1),
which is double-backed to produce an SCP actuator, is extremely
similar to the helical spring geometry. Hence, the stiffness of the
twisted and coiled nylon component can be approximately cal-
culated using Eq. (4). Furthermore, since the SCP actuator is
composed of twisted and coiled nylon components coiled around
each other, the overall stiffness of the SCP actuator would be a
function of the stiffness of the twisted and coiled nylon compo-
nent.

To confirm the effectiveness of stiffness computation, the
reference stiffness data was first calculated using Eq. (4). This
data was then normalized with the stiffness of 2-ply SCP actua-
tor. As the stiffness of the SCP is a function of the stiffness of
twisted and coiled nylon, it is assumed that the normalized stiff-
ness values of SCP actuators and the twisted and coiled nylon
components will be similar. Hence, these values can be com-
pared to the reference stiffness data for validation. The dimen-
sions of the SCP actuator for 2-ply, 4-ply and 6-ply, the theoreti-
cal reference value for stiffness as well as the stiffness values of
the SCP actuators are presented in Table 1. The lengths of all
actuators were close to 100 mm.

The normalized values of stiffness obtained for the 2-ply, 4-
ply and 6-ply SCP actuators using the loading – displacement
data (Figure 5 and Figure 6) were 1, 1.18 and 2.18 respectively.
This shows a good agreement between the theoretical data and
the experimental data for stiffness characterization.

CONCLUSION AND FUTURE WORK
In this study, the strain – loading hysteresis in SCP actu-

ators was closely examined and modeled. The main contribu-
tion is the efficient modeling of the hysteresis of SCP actuators
manufactured with different numbers of nylon plies. This was
achieved by developing a mathematical model which would pre-
dict the hysteresis in SCP actuators based on the hysteresis in ny-
lon threads by correlating their respective stiffnesses. The model
also provided insights on the propagation of hysteresis from the
nylon threads and the corresponding SCP actuators fabricated
from them. Furthermore, a helical spring model was adopted
to present more details about the varying stiffness of SCP actua-
tors with varying ply-number. This resulted in a comprehensive

explanation of correlations between nylon threads with varying
ply number, nylon thread, and SCP actuator fabricated from it
and SCP actuators with varying ply numbers.

In our future study, the transient behavior of strain – load-
ing nonlinear dynamics will be captured. The strain – tempera-
ture hysteresis correlation between the SCP actuator and nylon
thread will also be studied. Our preliminary test showed that the
relationship was nonlinear, which was likely due to the complex
thermal properties of the SCP actuators. A closer evaluation of
the electro-thermal properties will be conducted. Through this,
the strains of the nylon and SCP actuators obtained by Joule-
heating to the same temperature values can be correlated.
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