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ABSTRACT

Supercoiled polymer (SCP) actuators belong to a recently discovered class of artificial muscles that show strong
promise in various robotic applications. Extensive studies have been conducted on various aspects of SCP
actuators, including the characterization of their hysteresis nonlinearity and dynamical behaviors. However, the
existing strategies cannot effectively capture the first cycle of SCP actuators, which, under the application of
certain sequences of inputs, gives rise to a “lonely stroke”. For example, under the application of continuous
voltage oscillation sequences, the first output cycle is different from the successive repeatable cycles. This lonely
stroke behavior in SCP actuators needs to be better analyzed since no comprehensive experimental investigations
have been conducted. Furthermore, the lonely stroke affects SCP actuator’s performances in repeatable cycles.
In this study, we conduct experimental investigations on SCP actuator’s lonely stroke under different loading
and temperature conditions. The experimental procedures and measurements are presented and discussed. The
results show that the coupling between lonely stroke and hysteresis is complex and history-dependent. For
example, the maximum output strain discrepancy due to the lonely stroke was found to be 3.5% for an SCP
actuator with a maximum strain of 15%.
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1. INTRODUCTION

Artificial muscles are soft or compliant actuators which produce actuation in different modes by changing their
shapes under external stimuli such as heat or electricity 1,2. Unlike traditional actuators which consist of rigid
parts, artificial muscles possess advantageous properties of compliance and light-weight, which make them ex-
tremely suitable to generate biologically inspired robotic motions 3,4. Due to these desirable traits, artificial
muscle exhibit great potential in various robotic applications including biomimetic robots, robotic prosthetics,
exoskeletons, soft robots, and medical robots 5–8.

Super-coiled polymer (SCP) actuators, or twisted and coiled actuators, belong to an emergent class of artificial
muscles which generate linear actuation when thermally activated 9. Different types of motions including linear
contraction, twisting, and bending, have been realized using these actuators 9,10. SCP actuators are affordable in
fabrication costs since they can be produced by twisting and coiling off-the-shelf nylon fibers or synthetic fishing
lines 9. The actuation of linear stroke is usually achieved through electric-powered Joule heating, which is often
realized by adding a conductive coating to the polymer thread. Based on the physical configuration, which is
determined by the coiling process of the twisted polymers, the SCP actuators are classified as mandrel-based 9

and non-mandrel based 11,12. Each of these actuators have their respective advantages and disadvantages,
however, the most significant difference between them is that mandrel-based SCP actuators can generate up to
50% linear strain and do not need pretension to exhibit significant actuation, whereas the non-mandrel-based
SCP actuators can produce up to 21% strain and need pretension for normal operation. Recently, we found
that by combining the characteristics of these two actuators, a new actuator named helically-wrapped SCP
(HW-SCP) actuator was created 13. Besides actuation, SCPs have also been incorporated into twisted string
actuators for self-sensing purposes and also have demonstrated enhanced actuation performance 14. Most of
the reported models for capturing the behavior of SCP actuators are phenomenology-based in nature. Also,
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a few studies have suggested the existence of friction and hysteresis due to the presence of twisted and coiled
fibers 15. The nonlinear relations of load-strain and temperature-strain have been developed 12,15–17. Based
on these developed models, different control schemes, like proportional–integral–derivative (PID) controller and
feedforward control 16 have been proposed. Due to their advantageous properties, SCP actuators have found
applications in robotic fingers, robotic hands, soft grippers, and assistive robots, among others 12,18–22.

Amidst all the successes in various research aspects of SCP actuators, it still remains a challenge to model
and estimate their performance under the application of external stimuli. This is partially due to the fact that
SCP actuators exhibit highly complex behavior which consists of hysteresis and other nonlinearities. Hysteresis
is a common phenomenon which occurs in many smart materials. In a system which exhibits hysteresis, its
output not only depends on the current input but also the history of inputs applied to the system 23,24. In SCP
actuators, all types alike, the hysteretic relations of load-strain, temperature-strain and temperature-load have
been reported 9,12,25. Due to the lack of temperature sensing capabilities in regular SCP actuators, voltage has
been used as a temperature surrogate 12. Three-dimensional hysteresis models 26 and physics-inspired models 27

have been presented. However, the studies reported thus far do not consider another peculiar and important
behavior which was investigated in this work. Based on experiments, it was observed that during the application
of input oscillation sequences, irrespective of mechanical and electrical inputs, the first strain output cycle is
significantly different from successive cycles which are repeatable. Due to material properties and residual stress,
similar lonely stroke behavior has been reported in the past for other types of materials 28,29, but it has never
been systematically investigated. Although existing nonlinear models of SCP actuators have shown promising
results, these studies predominantly considered the remaining cycles other than the lonely stroke 12. We argue
that the investigation of the lonely stroke of SCP actuators is critical for various robot applications, where
non-repetitive tasks are often expected. Without lonely stroke analysis, large performance discrepancies or even
safety issues might occur when SCP actuator-based robots are in operation.

In this work, we investigate the lonely stroke behavior of SCP actuators under different circumstances of
loading or voltage inputs. A non-mandrel based SCP actuator was adopted to demonstrate the emergence of
lonely stroke. Without loss of generality, these results are applicable to other types of SCP actuators including
mandrel-based actuators and the recently developed HW-SCP actuators. The presented results show how the
lonely stoke affects the strain output of SCP actuators. This work will help in further reinforcing the statement
about the importance of lonely stroke and why it is critical to incorporate this phenomenon in future modeling
studies pertaining to the behavior of SCP actuators.

The rest of the paper is organized as follows: first, the fabrication process of SCP actuators and the setup used
to perform experiments are described in Section 2. Then, the results showing lonely stroke phenomenon under
electrical input cycles followed by mechanical input cycles are presented and discussed in Section 3. Finally,
concluding remarks and future work are provided in Section 4.

2. EXPERIMENTAL SETUP

2.1 SCP Actuator Fabrication

As stated in Section 1, this study focuses on the use of non-mandrel based SCP actuators. In this subsection,
the fabrication process is described. Based on our previous study 16, the V Technical Textiles Conductive Yarns
(110/34 dtex, Denier:110/34f) were used to produce the SCP actuators. They can consistently generate 10-15%
strains. The process can be boiled down to two main steps, namely, coiling and heat treatment. Coiling was
realized by twisting the nylon fibers using a motor, and heat treatment was realized through Joule heating by
applying electrical pulses. After heat treatment, the length of the coiled fibers converges and the SCP actuator
is created. In this study, 8-ply SCP actuators with resting lengths of 150 mm and 200 mm were fabricated.
The number of turns for coiling, the temperature or peak voltage applied for heat treatment, and the number of
cycles during heat treatment varied with the resting lengths and were determined experimentally. More details
about the manufacturing of SCP actuators can be found in 12 and 16. The structure of the SCP actuator with
forms in different fabrication stages is shown in Fig. 1.
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Figure 1. (a). A nylon thread with multiple fibers. (b) A twisted and coiled nylon thread. (c). A fabricated SCP actuator
using procedures in 12,16 .

2.2 Experimental Setup

The experimental setup, presented in Fig. 2, consists of a rectangular frame which was used to suspend the
SCP actuators and also to hold the linear distance sensor parallel to the suspended actuator. To measure the
strain, the linear distance sensor (SPS-L225-HALS, Honeywell) which had a resolution of 0.14 mm was used. It
measured the displacement based on the position of a magnet which was attached to the free end of the actuator.
In order to apply voltage pulses, a power supply with a voltage range of 0-30 V was included in the setup. An
Arduino UNO micro-controller board was used for two purposes: (1) to generate voltage pulses with the power
supply using Pulse width modulation, and (2) to collect the displacement sensor data. The raw sensor data was
later converted into displacement and strain values. Mechanical loading was realized by attaching loads to the
free end of the actuator. Similar to our previous studies 16, a tangential fan was used to enhance the even flow
environment of heat through the SCP actuator when a voltage sequence was applied. The SCP actuator had a
bronze color and was highlighted in Fig. 2 with red color for visualization purposes.

Rectangular Frame

Power Supply

Distance Sensor

Arduino Uno

SCP Actuator

Tangential Fan

Load

Figure 2. Experimental Setup
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3. EXPERIMENTAL RESULTS

In this section, the experimental results demonstrating the emergence of lonely strokes under different input
sequences are presented and discussed. The main variables of an SCP actuator are strain, mechanical load or
force, and the temperature surrogate (applied steady-state voltage). In this work, strain is the output, and the
remaining two variables are considered as the inputs. In other words, the strain is considered as a function
of applied load and voltage. In this study, we focus on quasi-static conditions as it was found that the SCP
actuators can be modeled as a linear dynamical system and a quasi-static nonlinear system 26, and the lonely
stroke is a nonlinear property of SCP actuators.

While characterizing the load-strain and voltage-strain relationships, it is typical to maintain a constant
voltage and constant load in the respective scenarios. To investigate the appearance and effect of lonely stroke,
two sets of experiments were conducted. In the first set, the actuator was subjected to continuous voltage cycles
under four different loading conditions. In the second set, continuous loading cycles were applied under three
different constant voltage inputs, each represented a constant actuator temperature.

3.1 Lonely Stroke in Voltage-Strain Relationship

In this subsection, we present the results of the experiments in which continuous voltage cycles were applied to
the actuator under different loading conditions. The main purpose of these experiments was to demonstrate the
effect of the lonely stroke on voltage-stain relationship at different loads. The voltage was varied between 0 V
and 12 V with a step size of 0.23 V. This step size was selected to obtain smooth output curves. The load was
varied between 200 g to 400 g with a step size of 100 g. Four cases of experiments were conducted to explore the
lonely stroke behavior of the SCP actuator. The strain values presented were the quasi-static values obtained
whenever the inputs were varied. The wait time for each applied voltage was 15 seconds. This value ensured
that a quasi-static strain value was obtained and it was determined experimentally based on the step size of the
voltage and the length of the actuator. For all cases of experiments, the length of the actuator used was 200
mm.

In Case 1, as shown in Fig. 3(a), the experiment started with a 200 g load. Complete voltage cycle i.e. 0 V
to 12 V followed by 12 V to 0 V, was applied to the actuator. At the end of the cycle, the load was increased to
300 g. After the load is changed, two continuous cycles were applied before changing the load again to 400 g and
this process was repeated. In Case 2, the experiment started with a 400 g load. The same procedure described
for Case 1 was repeated except in this case the load was decreased to 300 g and 200 g.

In Fig. 3 (a) and (b), the results were presented for experiment Cases 1 and 2, respectively, the first cycle
was highlighted in red whereas the repeatable cycles were plotted in blue. It can be noticed from the results that
the shape of the first output cycle at each load was significantly different from the successive repeatable cycles.
To be more specific, the output of the first half-cycle where the voltage was increased from 0 V to 12 V was
different, giving rise to the lonely stroke. The second half-cycle obtained when the voltage decreased from 12 V
to 0 V seemed to be similar to the second half-cycles of the repeatable cycles, making it repeatable as well. The
error in strain between the first and second cycles was calculated using Eq. (1) as follows:

Error = |Strain in First Cycle− Strain in Second Cycle|. (1)

For Case 1, the maximum and mean errors were 3.4% and 1.2%. For Case 2, the maximum and mean errors
were 3.5% and 1.3%. Note that the values stated here were strain with unit %. Considering the overall strain
range for these cases was 15%, a maximum error of 3.5% and the mean error of 1.3% due to lonely stroke was
considered to be significant.

In Case 3, the experiment started with a 200 g load. At the end of the first half-cycle, i.e. after increasing
the voltage from 0 V to 12 V, the load was increased to 300 g. Once the load was changed two continuous
cycles were applied before repeating this process by again changing the load to 400 g. In Case 4, the experiment
started with a 400 g load. The same procedure described for Case 3 was repeated except in this case the load
was decreased to 300 g and then 200 g.

Proc. of SPIE Vol. 11375  113751I-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 07 May 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



0 2 4 6 8 10 12

Voltage (V)

-10

-5

0

5

10

15
S

tr
a

in
 (

%
)

200g

300g

400g

(a)

0 2 4 6 8 10 12

Voltage (V)

-10

-5

0

5

10

15

S
tr

a
in

 (
%

)

400g

300g

200g

(b)

0 2 4 6 8 10 12

Voltage (V)

-10

-5

0

5

10

S
tr

a
in

 (
%

)

200g

300g

400g

(c)

0 2 4 6 8 10 12

Voltage (V)

-10

-5

0

5

10

S
tr

a
in

 (
%

)

400g

300g

200g

(d)
Figure 3. (a) Case 1 in which the load was increased at the end of the cycle. (b) Case 2 in which the load was decreased
at the end of the cycle. (c) Case 3 in which the load was increased at the end of the half cycle. (d) Case 4 in which the
load was decreased at the end of the half cycle.

The results were presented in Fig. 3(c)-(d). For Cases 3 and 4, the corresponding cycles where the load was
changed were plotted in red while the remaining cycles were plotted in blue. The results were different from
those of Cases 1 and 2 – after the load was switched at the end of first half-cycles, when the voltage applied was
12 V, the output almost seemed to merge into the successive repeatable cycles resulting in no significant effect
due to lonely stroke behavior. From Fig. 3 (c), (d), this phenomenon can be observed, where the red curves
depicting the output curves for the voltage input cycles in which the load was switched, were similar to the blue
curves. The error in strain between the second half cycles of first and second cycles after the load was switched
was calculated using Eq. (2) as follows:

Error = |Strain in Second-half Cycle of First Cycle− Strain in Second-half Cycle of Second Cycle|. (2)

For Case 3, the maximum and the mean errors were 2.1% and 0.73%. For Case 4, the maximum and the
mean errors were 1.4% and 0.4%. In this case, even though the maximum error was high, the mean errors of
0.72% and 0.4 indicate that the error was only caused at the instant where the load was switched. The error
gradually decreased as the voltage decreased in the half-cycle. This can be noticed in Fig. 3 (c) and (d).
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3.2 Lonely Stroke in Load-Strain Relationship

In this section, we present the results of the experiments in which continuous load cycles are applied to the
actuator while at a particular instant, the voltage is changed. The main purpose of these experiments is to
determine the effect of the lonely stroke on the load-stain relationship at different voltages and different loading
sequences. Three cases of experiments were conducted. For all the experiments, quasi-static strain values were
presented. Similar to our recent study 27, a relatively long wait time was chosen for each load step. In this study,
120 seconds was chosen as the wait time to ensure steady-state values.

In Case 1, the voltage was varied between 0 V and 10 V with a step size of 5 V. For 0 V, the load was varied
between 200 g to 500 g with a step size of 100 g while for the 5 V and 10 V, a step size of 50 g was selected.
The initial voltage was 0 V and the voltage was increased as described earlier. At each voltage, two continuous
load cycles were applied to the actuator. The length of the actuator used was 200 mm. Similar to voltage-strain
relationship, in this case as well, the first half-cycle in the first output cycle at a given voltage was different
resulting in lonely stroke, whereas the second half-cycle seemed to be repeatable. It could be noticed from the
results presented in Fig. 4 that at lower voltages, the lonely stroke in the load-strain relationship was more
significant when compared to higher voltages. As the voltage was increased, the lonely stroke gradually merged
into the repeatable cycles. For example, when the voltage is 0 V, the maximum and mean errors in the strain
due to the lonely stroke for this type of input sequence were 1.28% and 0.35%, respectively. Note the total strain
range was around 7%, hence maximum error of 1.28% was considered to be significant. The error was calculated
using Eq. (1).
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10V

Figure 4. Experiment Case 1 in which two loading cycles were applied at every voltage.

In Case 2, a constant voltage of 0 V was maintained throughout the experiment. The load was applied in the
following fashion: for the first two cycles, the load was varied between 200 g to 300 g. For the next two cycles,
the load was varied between 200 g to 400 g. Finally, for the last two cycles, the load was varied between 200 g
to 500 g. The input sequence and strain output were presented in Fig. 5 (a) and (b) respectively. For all cycles,
the step size for varying the load was 50 g. The length of the actuator used was 200 mm. This experiment
demonstrated that whenever the maximum load of the loading cycles was increased, the lonely stroke appeared.
The error between the first cycle and the second cycle was calculated using Eq. 1. The mean and maximum
errors for cycles obtained using the load range of 200 g to 300 g were 0.09% and 0.3% respectively. The mean and
maximum errors for cycles obtained using the load range of 200 g to 400 g were 0.16% and 0.42% respectively.
The mean and maximum errors for cycles obtained using the load range of 200g to 500g were 0.23% and 0.52%
respectively.

In Case 3, a constant voltage of 0 V was maintained throughout the experiment. The load was applied in the
following fashion: first, the load was increased from 200 g to 500 g with a step size of 50 g. This was followed by
three loading cycles: the first cycle with a load varying between 500 g to 400 g with a step size of 20 g, second
cycle with a load varying between 500 g to 300 g with a step size of 40 g, third and final cycle with load varying
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Figure 5. (a) Load input sequence plotted against time. (b) Experiment Case 2 in which the multiple loading cycles were
applied at 0 V.

between 500 g and 200 g with a step size of 50 g. The length of the actuator used was 150 mm. The strain
output and the input sequence were presented in Fig. 6 (a) and (b) respectively. Note that in this case, after the
initial increase of load from 200 g to 500 g, the load was constantly decreased from 500 g to different loads. The
mean and maximum errors in strain in this case due to lonely stroke were 0.5% and 2%, respectively. It can be
noticed that the first half cycle of each cycle served as a lonely stroke for the preceding cycle. For example, the
half cycle obtained when the load was increased from 300 g to 500 g served as the lonely stroke for the output
cycle obtained by varying the load between 500 g and 400 g.
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Figure 6. (a) Load input sequence plotted against time. (b) Experiment Case 3 in which the load was increased initially
and then continuously decreased.

Another important aspect about the lonely stroke to note is, for Cases 2 and 3, the sequence in which the
loads were applied were different. In Case 2, the loading range was gradually increased from 200 g. In Case 3,
first, the load was increased from 200 g to 500 g, and then, the load was decreased from 500 g in different ranges.
Due to this difference in loading sequences, the effect of the lonely stroke in Case 3 was much higher than in
Case 2. The length of the actuators used for these cases was different. However, this is not critical, since strain
values were used to represent the contraction. This indicates that the lonely stroke is history-dependent.

Proc. of SPIE Vol. 11375  113751I-7
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 07 May 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



4. CONCLUSION AND FUTURE WORK

In this paper, results obtained from a detailed experimental investigation of the nonlinear behavior of SCP
actuators are presented. This study primarily focuses on the lonely stroke behavior of the SCP actuators,
which is the phenomenon of the output strain curve obtained for the first loading cycle being different from the
curves obtained from successive loading cycles. We discuss its effect on the voltage-strain and the load-strain
relationships of SCP actuators. The experiments involved various scenarios in which the lonely stroke emerges
in different behaviors. Four input sequences were tested for the voltage-strain relationship. For load-strain
relationship, three sequences were inspected.

In the voltage-strain relationship, it was noticed that, based on how the load is varied, the first cycle is
predominantly different from the successive cycles when the voltage is increasing, giving rise to the lonely stroke
behavior. When the voltage is decreasing, the first cycle is extremely similar to the repeatable cycles. This
phenomenon is consistent in the load-strain relationship. At a given voltage, the curve obtained when the
loading sequence was increased in the first loading cycle, is slightly different. The curve obtained when the
loading sequence was decreased in the first loading cycle almost merges into the repeatable cycles. It was noticed
that the lonely stroke gradually merges into the repeatable cycles as the voltage is increased. Also, results
showing the emergence of the lonely stroke for different types of loading sequences at a given voltage are also
presented and observations are discussed.

As a part of the future work, we plan to include the lonely stroke behavior while modeling the load-strain
and voltage-strain relationships along with the well-established hysteresis models. Also, in this work for the
voltage-strain relationship, the load was switched only at either the minimum voltage (0 V) or the maximum
voltage (12 V). Further investigation is required in scenarios where the load is switched randomly at different
points while increasing and decreasing the voltage. We believe that the lonely stroke would emerge when the
load is switched at any instant while the voltage is increasing, but not significant while the voltage is decreasing,
however, this has to be further verified experimentally. Furthermore, in the load-strain relationship, it was
observed that the lonely stroke gradually merges into the repeatable cycles. This implies that the lonely stroke
in the load-strain relationship is dependent on the applied voltage and hence has to be modeled likewise. The
models will be phenomenological in nature and would be applicable to capture the lonely strokes of SCP actuators
under different inputs.
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