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Abstract—Super-coiled polymer (SCP) artificial muscles have
many attractive properties such as high energy density, large
contractions, and good dynamic range. To fully utilize them for
robotic applications, it is necessary to determine how to scale
them up effectively. Bundling of SCP actuators, as though they
are individual threads in woven textiles, can demonstrate the
versatility of SCP actuators and artificial muscles in general.
However, this versatility comes with a need to understand
how different bundling techniques can be achieved with these
actuators and how they may trade off in performance. This
paper presents the first quantitative comparison, analysis, and
modeling of bundled SCP actuators. By exploiting weaving and
braiding techniques, three new types of bundled SCP actuators
are created: woven bundles, two-dimensional (2D) and three-
dimensional (3D) braided bundles. The bundle performance is
adjustable by employing different numbers of individual actu-
ators. Experiments are conducted to characterize and compare
the force, strain, and speed of different bundles, and a linear
model is proposed to predict their performance. This work
lays the foundation for model-based SCP-actuated textiles, and
physically scaling robots that employ SCP actuators as the
driving mechanism.

Index Terms—Hydraulic/Pneumatic Actuators, Biomimetics,
Artificial Muscle Actuators

I. INTRODUCTION

TRADITIONAL robot actuation predominantly utilizes
electric motors with reduction gears and rigid transmis-

sions, which are often heavy, costly, and unsafe. With the
shift toward compliant, soft, and flexible robots that operate
effectively with humans and biomimetic structures, artificial
muscle actuators have attracted a great deal of attention [1].
Their muscle-like properties, like high power-to-weight ratio
and inherent compliance, open doors toward novel robotic
applications such as biomimetic robots, soft robots, robotic
prosthetics and exoskeletons, medical robots, and many others
[2]–[6]. The recently developed super-coiled polymer (SCP)
actuators have displayed strong potential as the next state-of-
the-art artificial muscle technology. They have demonstrated
significant power-to-weight ratio up to 5.3 kW/kg, large strain
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over 20%, and good dynamic range over 1 Hz in a thin,
lightweight, and muscle-like form factor [7]–[9].

SCP actuators can contract and expand when heated and
cooled. Since their creation [7], a rapid increase of research
efforts have been devoted to understand and utilize them for
robotic applications. Different materials have been tested to
manufacture SCP actuators, including carbon nanotube yarns,
and more cost-effective nylon fishing lines and sewing threads
[7], [8], [10]. By coating the threads with conductive materials,
electric current can be used to control SCP actuators via Joule
heating [11]. Their thermoelectrical and thermomechanical
properties have been measured under different environmental
conditions [9]. To characterize and estimate the performance
of SCP actuators, both physics-based and data-driven models
have been presented [8], [9], [12], [13]. With the evident ad-
vantages of SCP actuators, they have been actively explored as
driving mechanisms for a wide variety of robotic applications,
such as robotic fingers, hands, and arms [9], [14], [15], soft
robots [16], assistive robots [17], and wearable applications
[18].

To fully unleash the potential of SCP actuators as robot
muscles, further studies are needed to determine how to scale
them up to be more powerful. An individual SCP actuator can
only produce about 1 N of force, which is often insufficient
for robotic systems [11], [17]. Enabling a larger force through
bundling multiple SCP actuators has shown to be a highly
effective solution. By using multiple SCP actuators in parallel,
the bundled actuator could produce a larger force [9], [15].
For example, 16 N of force was achieved by bundling 16 SCP
actuators [19]. A bundled SCP actuator was manufactured by
weaving [18]. Several textile configurations were developed by
braiding a large number of SCP actuators [8]. With the suc-
cessful demonstrations of bundling approaches above, it would
be extremely useful to follow with a quantitative comparison
and modeling to gain further insight into designing bundles for
SCP actuators. This would significantly improve the versatility
of these actuators and has not yet been investigated.

Several different methods have been developed for ampli-
fying force in other types of artificial muscles. A stronger
actuator could be created with a larger cross-sectional area for
increased force output, however, other important properties
of the actuator could be compromised. For example, the
speeds of thicker shape memory alloy (SMA) actuators were
much slower [20], and the compliance and compactness of
thicker McKibben actuators were reduced [21]. Similar to
SMA actuators, by thickening SCP actuators, the speeds would
be largely compromised due to the increased heat penetration
depth. Producing a thicker SCP actuator is thus an undesirable
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approach.
Additionally, bundling multiple actuators in parallel also

allows for force amplification. For example, by mechanically
combining 48 SMA actuators in parallel, the overall actuator
could lift up to 45.4 kg of weight without compromising
the speeds [22]. It was shown that bundling thin McKibben
actuators in parallel allowed for increased force [21], [23].
It was further demonstrated that through variable recruitment
control of bundled pneumatic and fluidic actuators, the ef-
ficiency could be improved [24], [25]. Unfortunately, incor-
porating multiple individual actuators with parallel placement
configurations leads to a lack of unified structure, increased
size, low robustness, increased modeling difficulty considering
the contributions of each actuator, and an overall complicated
system with integration challenges.

Finally, bundling through active knits, weaves, and braids
can be employed to effectively increase the force output. For
example, an SMA knitted textile was developed to produce a
significant amount of force [26]. A knitting procedure was
proposed using Spandex and carbon nanotube yarns [27],
enabling a maximum power output of 1.28 kW/kg. More
recently, different configurations of knitted and woven polymer
artificial muscles were further developed [28]. These bundles
each maintain the muscle-like properties of the individual
strands while achieving the desired strength increase. Further,
weaves and braids provide many advantages over parallel
bundling, including a unified and stable structure, compact
size, and a readiness for integration. While the complexity
of fabricating the bundled actuator does increase due to the
bundling process, the system level complexity is reduced.

This paper presents the first study to quantitatively com-
pare, analyze, and model bundled SCP actuators. Exploiting
different weaving and braiding techniques, three new types of
SCP bundled actuators are manufactured: woven bundles, two-
dimensional (2D) and three-dimensional (3D) braided bundles.
A set of woven and braided bundles are fabricated with
different numbers of individual actuators. The performance of
different bundles are compared in terms of force production,
strain, and speed. It is verified that the proposed bundles
produce linearly amplified force with an increased number of
employed actuators. To estimate the performance, a model in-
corporating the bundle configuration is presented. The analysis
suggests that 2D braided bundles actuate faster and consume
less power, woven bundles are stiffer, and the 3D braided
bundle displays especially large stiffness and force range at
the cost of slower speed and more complex fabrication.

The overall combination of models and characterization
trends in this work will close the design utility gap between
SCP actuators and traditional actuators. For example, the
models of motors between voltage and speed with different
volumes and weights are readily available, which enables their
wide adoption for diverse applications. Similarly, the compar-
ison and models of bundled SCP actuators are fundamental
in enabling engineers and roboticists to strategically choose
actuators which meet design specifications, instead of playing
guess-and-check until something works. By identifying these
models and trends for a set of bundle configurations, this study
marks the first step toward enabling engineers to navigate a
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Fig. 1. Samples of three different bundled SCP actuators. (a) A woven bundle
made of 6 actuators. (b) A 2D braided bundle made of 5 actuators. (c) A 3D
braided bundle made of 8 actuators.

deliberate design process with SCP actuators for a variety of
applications.

II. DESIGN AND FABRICATION

A. Proposed Design
Three types of new bundles were proposed, namely, woven

bundles, 2D and 3D braided bundles, with a few samples
shown in Fig. 1. All of the bundles were made by hand.
We focused on bundles which met the criteria of providing
amplified force with equivalent strain, being easy to fabricate
by hand, and which are scalable in size. The braids and weaves
under study in this work represent a range of bundles which
meet these criteria. It is noted that other types of woven
bundles and braided bundles have been presented [10]. Other
configurations such as stitched and knitted bundles could also
be realized. However, considering the complicated fabrication
procedure for the stitched bundle [26] and lacking force
amplification performance of the knitted bundle [28], those
approaches were not studied in this work.

The woven bundles were analogous to simple parallel
placement, but with the individual fibers interconnected. Each
actuator was directed straight along its axis, and the overall
structure was similar to a flat strip of fabric. Braided bundles
had individual actuators braided among each other, with no
external material to provide the connected structure. Each fiber
underwent directional changes through braiding and the form
was more rope-like. 2D braids and a hollow 3D braid were
developed to highlight the range of available braiding options.

B. Fabrication Procedure
The fabrication procedures of the proposed bundles are

summarized. The fabrication of individual SCP actuators is
provided in Section IV.A.

1) Woven Bundle: To create the woven bundle, each actu-
ator was aligned in parallel and a weave was threaded over
and under each actuator to form a unified structure [28], as
illustrated in Fig. 2(a). To permit adequate spacing for cooling
and maintain uniformity, each weave was made to have a
weave density of about 2 turns/cm and at least 1 mm spacing
between actuators. Cotton string was utilized as an easily
configurable and low-cost weave. Other types of weaves could
also be adopted.
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Fig. 2. The schematics of the (a) woven bundle, (b) odd-numbered 2D braided
bundle, and 3D braided bundle at (c) step 1 (clockwise motion) and (d) step
2 (counter-clockwise motion).

2) 2D Braided Bundle: The braiding method depended on
whether the adopted number of actuators was odd or even.
Both started with assigning numbers to each strand, as shown
for a braid of 5 actuators in Fig. 2(b). Fabricating odd-
numbered braids involved the repetition of moving the leftmost
strand to the middle, followed by the rightmost strand to the
middle. Similarly, even-numbered braids involved moving the
rightmost strand to the right-middle and the second-leftmost
strand all the way to the right. The mirrors of these steps
were then performed starting with the new leftmost strand.
The whole process was repeated for the entire braid length.
For all 2D braided bundles, the movement of a strand occurred
by threading over and under the strands in between, as shown
in Fig. 2(b) for a braid of 5 actuators.

3) 3D Braided Bundle: Fabrication of the 3D braided
bundle followed the Kumihimo form of braiding [29]. As seen
in Fig. 2(c)-(d), 4 pairs of actuators (A–B, C–D, E–F, G–H)
were placed evenly around the circumference of a circular
Kumihimo disc. Each actuator was held in one of the outer
notches and held in constant tension by a weight in the central
disc opening. In the first step, the leftmost strand of each
pair (A, C, E, G) was sequentially brought clockwise over its
neighbor and placed in the notch closest to the next actuator,
as shown in Fig. 2(c). This formed 4 new pairs (G–B, A–D, C–
F, E–H). In the second step, the rightmost strand of each pair
(B, D, F, H) is then brought counter-clockwise over its new
neighbor and placed in the notch closest to the next actuator,
as illustrated in Fig. 2(d). The two steps were repeated for the
entire length of the braid.

4) Fabrication Results: Woven bundles made of 3–7 actu-
ators, 2D braided bundles made of 3–6 actuators, and a 3D
braided bundle made of 8 actuators were fabricated. Table I

TABLE I
BUNDLED SCP ACTUATOR FABRICATION PARAMETERS

Individual SCPs
Length (mm) Resistance (Ω)

220±20 18.0±2.5
Weave

n Length (mm) Resistance (Ω) Turn Spacing (mm)
3 209±1 6.75±0.05 42 1.02±0.4
4 213±3 5.1±0.1 43 1.36±0.02
5 191±2 3.35±0.15 41 1.47±0.05
6 198±6 2.8±0.1 42 1.21±0.09
7 196±4 2.2±0.2 39 1.24±0.06

2D Braid
n Length (mm) Resistance (Ω) Repeat
3 199±1 5.4±0.1 5
4 185±1 4.45±0.15 5
5 189±1 4.15±0.05 5
6 201±1 3.25±0.05 7

3D Braid
n Length (mm) Resistance (Ω)
8 175±1 2.75±0.05

lists the fabrication details for each bundle and the overall
group of individual SCP actuators, where n is the number of
individual actuators within each bundle, “Turn” denotes the
total number of weave turns within the weave bundle, and
“Repeat” is the number of times one of the actuators within
the braid ends up back in its original position [29]. As seen,
good consistencies were achieved during the fabrication.

III. MODELING

In this section, a linear model is proposed for the bundled
actuators. The model is derived based on the linear model
for individual SCP actuators [9], [17]. It is noted that even
though physical models will be helpful [12], this study adopted
experimental models as a preliminary quantitative analysis of
bundled SCP actuators. Although the model does not reflect
behavior up to the limits of applied stress and input power, it
has shown to be effective in describing the behavior of SCP
actuators under practical operating conditions.

A. A Single SCP Actuator

The thermal dynamics of an SCP actuator operated through
Joule heating have been shown to behave similarly as a first
order linear system [9] described by

Cth
dT
dt

= P(t)−λ (T −T0), (1)

where Cth and λ are the thermal mass and absolute thermal
conductivity of the actuator, respectively, T is the temperature
of the actuator, T0 is the ambient temperature, and P(t) is the
input electrical power at time t. To quantify the speed of the
dynamics, the time constant, τ = Cth

λ
, can be adopted. Under

steady-state condition, a constant temperature is reached, and
P(t) = λ (T −T0).

The thermo-mechanical properties of SCP actuators can be
described as a spring-damper system with an added tempera-
ture dependent term, which is expressed as [9]

F = k(x− x0)+bẋ+ c(T −T0), (2)



2377-3766 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/LRA.2018.2801469, IEEE Robotics
and Automation Letters

4 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED JANUARY, 2018

where x and x0 are the loaded length and resting length of the
actuator, respectively, k represents the stiffness, b is a damping
term, and c denotes the force per change in temperature. Under
steady-state conditions, ẋ = 0.

The overall model can be obtained by combining Eq. (1)
and Eq. (2) together. Under steady-state condition, the overall
model describes the quasi-static relationship among steady-
state force, length, and actuator power input:

F = k(x− x0)+
c
λ

P. (3)

The effect of different convective environments on thermal
constants in the model has been studied in depth for individual
SCP actuators [9]. In this work, we consider a standing air
environment with constant temperature and air flow condition.

B. Normalization Metrics

To facilitate the comparison of different bundled SCP ac-
tuators with varying lengths and sizes, normalized metrics
including the unit strain and unit power are introduced.

1) Unit Strain: The metric of unit strain is useful for
comparing contractions of bundles with different lengths. The
unit strain, ∆xu, is defined as

∆xu =
x− x0

x0
. (4)

The loaded length of the bundled actuator, x, can be measured
by additional position sensors. The resting length, x0, can
be determined in this way: with the bundled actuator laying
fully extended on a counter, measure the average of the
active portion of each actuator in a bundle. Due to the good
fabrication consistency for single SCP actuators (shown in
Table I), the length of the bundle is very close to the length
of each individual actuators.

2) Unit Power: Electric power is a more appropriate in-
put than voltage, because the temperature of the actuator
is dependent on power [8], [9], as shown in Eq. (1). The
adoption of unit power is important – due to the parallel
combination of multiple actuators, measuring against power
directly does not provide intuitive comparison. The total power
drawn also depends on the bundle size and length. Therefore,
by normalization, we can easily compare the force production
versus unit power for bundles of different configurations. The
unit power, Pu, is expressed as

Pu =
P

n · x0
, (5)

where P is the overall electrical power input, and n is the
number of individual actuators of the bundle.

C. Bundled SCP Actuators

The bundled SCP actuator can be considered as a unified
actuator exhibiting similar properties of single SCP actuators.
Existing models for SCP actuators can thus be adapted [9].
The difference is that the bundle configuration, denoted as g,
is an additional parameter of the model. The thermal dynamics
can be approximated as

Cth(g)
dT
dt

= P(t)−λ (g) · (T −T0). (6)

Under steady-state conditions, the thermo-mechanical-
electrical model can be simplified to

F = k(g)(x− x0)+
c(g)
λ (g)

P. (7)

Converting to the metrics of unit strain and unit power as
defined in Eq. (4) and Eq. (5), the final model describing the
steady-state relationship is

F = K(g)∆xu +q(g)Pu, (8)

where the parameter K denotes stiffness and q represents
thermal properties. Clearly, large K and q translate to large
force produced by the bundled actuator. Note although many
bundle configuration parameters may affect the performance,
in this study, we strive to fabricate bundles of the same
configuration with consistent parameters such as spacing,
tightness, and density (Table I). Thus, we consider that the
configuration variables at play reduce to the type of bundle
and the number of actuators within the bundle, n. The consid-
eration of other configuration variables as model parameters
is a future direction of this work.

IV. EXPERIMENTS AND SETUP

A. Fabrication of SCP Actuators

SCP actuators were fabricated by a coiling and annealing
process. A conductive nylon sewing thread (Technical Textiles,
110/34 dtex HC z-turns) was twisted until it was fully coiled.
This coiled thread was double-backed and then thermally
annealed by applying voltage pulses. During the annealing, a
200 g weight was hung on the end of the thread. The weight
was experimentally determined [9]. After annealing, an SCP
actuator was created, which could contract and expand as it
was heated and cooled.

The mechanism of contractions can be explained as fol-
lowing: With an increased temperature, the untwisted nylon
expands in its radial direction and contracts along its axial di-
rection. By inserting twists to the point of coiling, the thermal
expansion character is amplified and very large contractions
are achieved upon heating. More details on the fabrication and
mechanism can be found in [8], [9], [13].

B. Experimental Setup

Isometric force production and isotonic contraction experi-
ments were conducted to compare the performance of different
bundled actuators. In isometric tests, each bundle was held at a
fixed length with one end attached to a load cell (ANYLOAD
108BA-3kg) for tension measurements, as shown in Fig.
3(a). Similarly, to conduct isotonic contractions experiments,
weights were hung to keep the bundle in constant tension
while it was allowed to contract and expand, as illustrated
in Fig. 3(b). A linear magnetoresistive sensor (Honeywell
SPS-L035-LATS) was used to measure the contraction of the
bundled actuator. Data acquisition and input power control
were realized using a data acquisition card (NI-USB 6001),
National Instruments LabVIEW software, and an amplifier
circuit utilizing a power Op-Amp (TI OPA541). Input voltage
and sensor signals were collected with the data acquisition
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Fig. 3. (a) Isometric experiment setup for force and power measurements.
(b) Isotonic experiment setup for strain and power measurements.

system at 250 Hz throughout this study. More details of the
setup can be found in [13], [30].

V. MODEL IDENTIFICATION

A. Performance Metric

The modeling performance was quantified by the average
absolute error and standard deviation percentages:

Eaverage =

M
∑

i=1
|ei|/M

R
×100%, (9)

σ =

√
M
∑

i=1
(ei− ē)2

R
×100%, (10)

where M was the number of data-points to be evaluated, ei
denoted the error of the ith point, R was the output range, and
ē was the average error.

B. General Procedure

At the start of each experiment, resistance was measured as
a static value. Due to the slight variation in bundle length with
different loads, the static resistance slightly changed between
tests. This was accounted for by modulating the sequence
of input voltages to keep the power operating range for
each bundle consistent. The operating range was empirically
determined by finding the input voltage required for the bundle
to approximately reach a 10% steady-state contraction, which
was close to the maximum contraction of the SCP actuators
in this study [9], [13].

Each experiment was performed using an input power
sequence of 8 incremental increasing and decreasing steps
throughout the operating range, as shown in Fig. 4 (top). A
similar input sequence has been adopted to capture the major
curve of the hysteresis in SCP actuators [13], which is caused
by the friction among different coils of the actuator [8], [9],
[11]. To observe the full step response, each step was held for
90 seconds for the woven bundles and 2D braided bundles,
and 150 seconds for the 3D braided bundle. It is noted that

this experiment was conducted to obtain both the transient and
quasi-static performance, with similar procedures successfully
conducted in [13], [16]. To obtain the steady-state tension and
strain, the last 30% of the step responses were averaged to
cope with minor disturbances and noise. In this paper, the
term “index” refers to the numbering of the steady-state power,
strain, and force values.

As an example, under the power sequence in Fig. 4 (top),
the transient force and strain were provided for the 3D braided
bundle, as shown in Fig. 4 (middle) and Fig. 4 (bottom),
respectively. It was noted that the strain transient curves
under different loadings exhibited noticeable inconsistencies.
This might be caused by the actuator resistance variation
during contraction, which has been shown [31]. Accounting
for varying resistance was beyond the scope of this work.
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Fig. 4. Experimental measurements of the 3D braided bundle: Unit power
input versus time (top), force versus time (middle), and strain versus time at
three different loads (bottom).

C. Force Versus Power
To conduct the isometric experiments, a small pretension of

0.3–0.4 N per actuator was utilized to prevent the bundle from
being slack [30]. Fig. 5(a) and Fig. 5(b) show the steady-state
force versus unit power for each woven and braided bundle,
respectively.

To capture the steady-state relationship between the force
and power input, the coefficient q in Eq. (8) was identified
by fitting the experimental measurements with a linear least-
squares regression using MATLAB function polyfit. The over-
all modeling errors for the braided bundles and woven bundles
were 1.21 ± 0.91% and 1.18 ± 0.81%, respectively. The very
small errors reflected the approximately linear relationship
between force and power in bundled SCP actuators.

D. Strain Versus Power
Isotonic contraction experiments were performed to char-

acterize the scenario where the bundled actuator was used
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Fig. 5. Steady-state force versus unit power for (a) woven bundles and (b) braided bundles. Steady-state unit strain versus unit power for woven bundles with
(c) 0.98 N/actuator, (d) 1.47 N/actuator, and (e) 1.96 N/actuator loads, and for braided bundles with (f) 0.98 N/actuator, (g) 1.47 N/actuator, and (h) 1.96
N/actuator loads.
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Fig. 6. Modeling error of the steady-state relationship between strain and
power for each SCP bundled actuator.

to move the position of some mass. Tensions of 0.98 N,
1.47 N, and 1.96 N per actuator were applied with the
hanging weights. Fig. 5(c)-(h) shows the measured steady-state
relationship between strain and unit power for the bundled
actuators under different loads. By measuring full contraction
and extension cycles for each bundle, the major strain vs.
power hysteresis was captured. The nonlinear loops in Fig.
5(c)-(h) highlight this behavior. Our prior work focused on
modeling this hysteresis in individual SCP actuators [13].

Using a similar approach, K was found for each bundle.
Fig. 6 shows the average modeling error for each bundle.
The error appeared to stay approximately constant regardless
of bundle configurations at about 8% or below. The overall
modeling errors were 7.72 ± 7.02% and 7.58 ± 6.13% for the
braided bundles and woven bundles, respectively. These larger
errors were expected based off the more prominent hysteresis
behavior, which was also found in [9], [11]. The errors were
comparable to the existing linear modeling approaches for
individual SCP actuators [13], confirming the effectiveness of
the proposed model.
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Fig. 7. Model fitting for K versus n (left) and q versus n (right).

E. Overall Model

With the identified parameters of K and q for each bundled
actuator, the overall quasi-static model was obtained for each
type of bundle. The model identification was realized by fitting
the linear relationship between the model parameters and the
number of actuators within the bundle. Fig. 7 shows the K and
q, as well as the linear fittings. The identified models for each
bundle type were

Kbraid = 8.26n+17.83, (11)
Kweave = 8.89n+24.21, (12)

qbraid = 226.88n−332.55, (13)
qweave = 152.93n−169.26, (14)

and the K and q values for the 3D braided bundle were 95.22
N and 1418.5 N·mm/W, respectively. It was shown that the
model could accurately capture the performance of bundled
actuators with different configurations with a relatively small
error: the average error percentages of K and q were 6.9%
and 4.1% for the woven bundles, and 5.1% and 8.8% for
the 2D braided bundles. The trends showed that weaves were
generally stiffer than braids and braids produced more force
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and larger contractions than weaves, as shown in Fig. 7 (left).
The larger stiffness of the weaves was likely because the
presence of the cotton reduced the ability of linear motions
for the weave. Fig. 7 (right) shows that q for braids scaled
more rapidly than for weaves, which was likely related to the
fact that the conductive heat was shared between the nylon in
the braid, versus the analogous conduction with the cotton in
the weaves.

F. Dynamics

Similarly as in [9], force could be used as an indirect
measurement of temperature. To quantify the speed of the
actuators’ thermoelectric properties, the force transient was
measured under constant strain. An example was shown in
Fig. 4 (middle). The heating and cooling time constants were
found by measuring the time taken for the force to reach
63.2% of the steady-state value during each step response.
Fig. 8 shows the obtained time constants. It was found that
both configurations showed moderate decrease in speed as
size increased. 2D braided bundles were generally faster in
the range of bundles tested, but the weaves appeared to slow
down less significantly when scaled up.
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Fig. 8. Heating and cooling time constants of the bundled actuators with
different configurations: Braided bundles (top) and woven bundles (bottom).

VI. MODEL VERIFICATION

To verify the accuracy of the model in Section V.E, the
model was tested to estimate the strain of different bundled
actuators under random power inputs consisting of multiple
steps. An example of the steady-state power sequence was
shown in Fig. 9 (top). Experimental measurements of the
transient strain and corresponding steady state values were
obtained, and compared to the strain from model estimation.
As an example, Fig. 9 (middle) shows that the model could
accurately estimate the strain outputs. Fig. 9 (bottom) shows
the average verification error percentages against the number
of actuators in each bundle. It was shown that the verification
errors were consistently less than 13% for all sizes and con-
figurations. Overall modeling verification errors were 10.99 ±
8.28% and 10.39 ± 7.54% for the braided and woven bundles,
respectively. The verification errors were only slightly larger

than the modeling error (Section VI.C), further validating the
effectiveness of the proposed model.
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Fig. 9. A random input power sequence (top). Experimental and estimated
strain for the 2D braided bundle with n = 5 (middle). Model verification error
percentages (bottom).

VII. DISCUSSION AND CONCLUSION

In this work, three types of bundled SCP actuators have been
designed and fabricated for force amplification. To learn their
characteristics, we experimentally measured and compared the
force, strain, and dynamical properties of the bundled actuators
with different configurations. To further capture and estimate
their performance metrics and study the scaling effects of the
bundling methods, a model was proposed and experimentally
validated. The results show that braids actuate faster and con-
sume less power, weaves are geometrically appealing where a
thin, flat profile is desired, and the stiff and powerful 3D braid
may benefit high strength, low bandwidth applications.

The obtained numerical measurements, comparisons, and
models can be utilized by other researchers and engineers
who may wish to specify a particular bundled SCP actuator
to apply in a robotic system. For instance, with a defined
force and strain requirement, one can use a combination of
Eq. (8) and Eq. (11)–(14) to compute the required power and
bundle configuration combinations that enable their design.
Eq. (4) and Eq. (5) can be used with certain desired bundle
configurations to allow calculation in terms of the required
power and range of motion. The specification can be further
refined to incorporate dynamic range using Fig. 8. Defin-
ing a particular speed capability decreases the design space
for which configurations and bundle sizes to consider when
matching force and strain requirements using the relevant
equations.

Future work can be conducted through more robust fab-
rication techniques, refined modeling, and design optimiza-
tion of bundled actuators. First, thin polymer actuators like
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SCP actuators show excellent promise for being mass man-
ufactured and combined into textile-like configurations [10],
[28]. With improved manufacturing, the accessibility of more
refined design and fabrication will be possible. Second, with
a simplified linear model, we acknowledge that the modeling
errors shown in Fig. 6 and Fig. 9 are nontrivial. More in-
depth nonlinear modeling will be studied to incorporate more
bundle variables and capture the hysteresis. Thirdly, the task
of more fully exploring how to tune the design parameters of
each configuration for optimum performance will be studied
together with more experiments considering different bundle
configurations.

The following limitations of the study are summarized:
• While cotton string was used in the woven bundles,

we acknowledge its thermally insulating nature could
potentially hinder the weave performance. Thermally
conductive weave materials could be considered.

• The slight inconsistencies of the actuators might have
caused compromised performance. Since the fabrication
was realized by hand, there were challenges for producing
actuators with identical properties.

• Strain softening would be an effect study worth perform-
ing in the future to characterize how bundling behaviors
vary over thousands to millions of cycles.

• Being thermally driven, SCP bundled actuators display
low thermodynamic efficiency. Application of these ac-
tuators as robot muscles should carefully consider this
property or use mechanisms such as a ratchet-and-locking
structure to increase the efficiency.
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