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ABSTRACT This study is an experimental investigation of twisted and coiled polymer actuators, focusing on
characterization of the effects of design and operating parameters on the actuator performance. Using nylon-
6 monofilaments, a custom fabrication and testing setup was designed to enable control of the operating
conditions, precursor fiber diameter, actuator spring index, motor speed, training conditions, coil bias angle,
pre-stretch of the precursor fiber, and pre-stretch of the actuator. Isotonic, isometric, and eccentric contraction
tests were performed to evaluate each parameter’s effects on actuator stroke, force, and range in variable
stiffness. Results demonstrate that optimal actuator performance is influenced by the operating conditions,
selection of precursor fiber diameter, spring index, coil bias angle, training conditions, and the magnitude
of pre-stretch in the precursor fiber and fully coiled actuator. This comprehensive experimental evaluation
aims to assist in the optimization of twisted and coiled polymer actuators tailored to specific stroke, force,
and variable stiffness performance requirements.

INDEX TERMS Actuators, artificial muscles, smart materials, soft robotics, twisted coiled polymer
actuators, variable stiffness.

I. INTRODUCTION
Research into soft actuation technologies has gained sig-
nificant attention due to the applications in fields like soft
robotics and human mobility assistive devices [1]. Smart
materials, such as twisted and coiled polymer (TCP) actua-
tors, offer promising solutions with advantages over conven-
tional actuators including their inherent ability to deform or
reconfigure in response to external stimuli, scalability, sim-
plicity, and low cost [2]. Haines et al. [3] first demonstrated
this concept by twisting and subsequently coiling a nylon 6,6
monofilament after a critical number of twists were inserted
into the fiber. When varying the spring index, C, defined as
the ratio of the coil diameter to the precursor fiber diameter,
the authors demonstrated a TCP stroke of 49% at 1 MPa for
C = 5.5. Conversely at C = 1.1, the authors demonstrated
repeatable TCP strokes at 50 MPa, but with a reduced maxi-
mum stroke of 9.3%.
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Recent research has primarily focused on modelling
and control [4], [5], [6], upscaling performance through
bundling [7], [8], [9], or real-world applications of TCP
actuators including robotics and assistive devices [10], [11].
Studies have investigated TCP performance, including force
generation, tensile stroke, and range in stiffness, identify-
ing key design considerations. Aziz et al. [12] explored the
effects of precursor fiber diameter, twist density, and coil
bias angle on non-coiled fibers, and demonstrated increased
stroke and torque with higher twist levels. However, this
study did not evaluate tensile performance in fully coiled
actuators. In another study, Aziz et al. [13] attributed tor-
sional performance to the differences in anisotropic thermal
expansion between the fibers. While the effects of improving
anisotropy in thermal expansion have not been extensively
studied, it has been suggested that drawing or pre-stretching
precursor fibers, or using materials with greater anisotropic
properties, can enhance TCP performance [5], [14], [15].
Saharan and Tadesse [16] studied the effects of twist

insertion speed on actuator performance. While changes in
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performance were observed for samples fabricated between
200 rpm and 1800 rpm, the changes did not scale as expected
and the authors recommended further research is required.
Other studies [1], [17], [18] indicated that training condi-
tions such as the static load used, or use of mechanical
springs, can affect the actuator performance during testing.
To date, however, relationships between the training con-
ditions and actuator performance have not been adequately
characterized.

Li et al. [19] characterized the effects of controlling the
annealing stress on the actuator stroke. The authors demon-
strated contraction strain can be improved by increasing the
annealing stress, but the results were limited to isotonic
testing and did not evaluate the effects on force generation
or range in stiffness. Additionally, detailed fabrication and
testing parameters were missing that are required to enable
proper performance comparison.

Several authors [3], [20], [21] identified a steep seg-
ment of the load-deformation curve at elevated temperatures,
sometimes termed the preload knee, where TCP samples
exhibit higher stiffness due to neighboring coil contact.
Cherubini et al. [20] reported a change in modulus from
78-101 MPa between 25◦ and 122◦; however, factors that
may contribute to the steepness of the preload knee region
were not investigated in this study. Similarly, Li et al. [21]
investigated the effects of varying the pre-stretch during
testing on the range of achievable stiffness. The authors
reported an optimal range of pre-stretch loading conditions
that yield the greatest range and ratio in stiffness; however,
they acknowledged that future work was required to charac-
terize what other factors may influence the range in stiffness.
Additional improvements are also needed in areas related to
selection of precursor fibers, assessing the influence of some
manufacturing parameters (fabrication load, heat treatment
conditions), dynamic behavior, and methods for tuning the
temperature at which neighboring TCP coils are in contact.

In summary, although research on TCP actuators encom-
passes modeling, control, and applications, critical design,
fabrication, and operational parameters that influence perfor-
mance metrics such as stroke, force generation, and stiffness
remain inadequately characterized. Inconsistent reporting
metrics and experimental methodologies highlight the need
for more robust and uniform approaches to ensure compre-
hensive and reliable results. This work aims to systematically
investigate these design and operating parameters, offering
a foundation for optimizing TCPs tailored to specific appli-
cations with precise requirements. Moreover, the literature
inadequately explores the factors affecting variable stiffness
properties of TCP actuators, making it a focus area for the
present work.

II. MATERIALS AND METHODS
This study aims to provide a comprehensive and consistent
experimental evaluation of TCP actuators, focusing on eight
fabrication and operating parameters and their effects on
the tensile stroke, force generation, and range in stiffness.

Using nylon-6 monofilament and a custom fabrication appa-
ratus (Fig. 1), TCP actuators were fabricated with consistent
parameters and tested under isotonic, isometric, and eccen-
tric contractions. The monofilaments selected were Trilene
Big Game fishing lines from Berkley Fishing [22] in break
strengths of 10 lb, 15 lb, 25 lb, and 50 lb, corresponding
to average fiber diameters of 0.21 mm, 0.38 mm, 0.48 mm,
and 0.71 mm, respectively.

FIGURE 1. Automated fabrication setup for twisting and coiling (top);
Close up view of precursor fiber prior to twist insertion (bottom).

In addition to the custom fabrication apparatus, three
experimental setups were designed to enable control of var-
ious design parameters including the operating conditions,
precursor fiber diameter, spring index, twist density and coil
bias angle, twist insertion speed, training load, amount of
pre-stretch in the precursor fiber prior to twisting, and the
amount of pre-stretch in the coiled samples during annealing.
The fabrication apparatus was validated by creating TCP
prototypes with consistent properties and testing their perfor-
mance to ensure consistency between samples.

The fabrication process of TCP actuator prototypes
followed a four-step procedure. A precursor fiber (1) is fixed
at both ends of the fabrication apparatus and is loaded with a
chosen mass (2) on the opposite side of the slider (6). A DC
motor (3) inserts twists in the fiber at a speed controlled
by a rotary potentiometer (4) and continues until the fiber
has fully twisted and coiled along its length. The number of
twists inserted into the fiber is displayed on the LCD screen.
The prototype is then placed on a wire rack in an Instron
environmental chamber to anneal at 160◦ for two hours to set
the coiled structure and relieve any residual stresses. Finally,
the prototypes are trained in the Instron environmental cham-
ber under expected actuator operating loads until consistent
cycles have been achieved.

Three experimental setups were designed to evaluate iso-
tonic, isometric, and eccentric contractions using an Instron
4202 universal tensile testing machine with a 500 N load cell
and precision of ± 0.1 N [23], along with a Watlow T-series
thermocouple with an accuracy of ± 1◦ [24]. During iso-
tonic testing (Fig. 2), TCP actuators were coupled to a linear
variable differential transformer (LVDT) with a 0-150 mm
working range, infinite resolution, and ± 0.5% linearity [25].
Masses were suspended from the coupled ends and TCP
contraction was recorded by the LVDT as the samples were
heated. During isometric contraction (Fig. 3), both ends of
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the TCP prototypes were fixed, and the generated force was
recorded by the Instron load cell as the actuators were heated.
Eccentric contraction testing used a similar setup (Fig. 3),
except the temperature of the actuator was controlled instead
of its length. Actuators were heated to constant temperatures
while the Instron machine performed load-unload tests to
capture force and displacement data. All experimental data
was recorded in LabVIEW and processed in MATLAB.

FIGURE 2. Experimental setup for isotonic contractions. Instron
environmental chamber with linear variable differential transformer
inserted at the top of the chamber (left); Inside view of environmental
chamber during actuation (right).

FIGURE 3. Experimental setup for isometric and eccentric contractions.
Instron environmental chamber with support fixed to TCP sample at the
lower end, and to the Instron load cell at the top end (left); b) Inside view
of environmental chamber during actuation with TCP sample ends
fixed (right).

III. RESULTS
A. ISOTONIC CONTRACTION TESTING
During isotonic testing, prototypes were prepared follow-
ing the protocols discussed in Section II. All fabrication
and operating parameters were consistent apart from the
varied parameter under investigation. Samples were heated
from 45◦ to 200◦, while temperature and displacement data
were recorded. Unless otherwise indicated, the static masses
suspended from the prototypes were adjusted to achieve an
actuating stress of approximately 17.50 MPa, where stress
is calculated as the load normalized with the initial precur-
sor fiber cross-sectional area. Tensile stroke is calculated
as the change in TCP length divided by the initial length.
A summary of the isotonic contraction testing is presented
in Table 1, while graphs comparing the effects on TCP stroke
are presented in Appendix A.

TABLE 1. Summary of isotonic contraction testing and the effects of
design parameters on tensile stroke.

The effects of the operating conditions on the tensile stroke
capacity were evaluated by fabricating two samples with con-
sistent properties and testing them under isotonic conditions
against 1.38 N, 2.72 N, 3.60 N, 4.94 N, and 7.17 N loads.
Results demonstrate an optimal load was required to achieve
maximum tensile stroke, where the largest mean stroke
of 15.91% (standard deviation, SD = 0.39%) was achieved
for the 3.60 N load (Fig.4).

Next, four samples were fabricated using each of the pre-
cursor fiber diameters and were twisted and coiled under
consistent applied stress. During isotonic testing, all samples
achieved an average of 16.25% (SD = 0.36%) stroke when
heated from 45◦ to 200◦ (Fig.5).
The effects of the spring index on the actuator tensile

stroke were investigated by fabricating samples at C = 2.17,
C = 2.02, and C = 1.94, and testing them under iso-
tonic conditions. The samples with the largest spring index
achieved the greatest tensile stroke at an average of 13.55%
(SD = 0.19%). In contrast, the samples with the lowest spring
index achieved an average of 8.31% (SD = 0.57%) (Fig.6).

Varying levels of twist density were also investigated, with
coil bias angles measured using a microscope with 200 times
magnification. Twist density was varied by manually insert-
ing additional twists into the TCP after the samples had
fully coiled. The measured coil bias angles for the samples
with high, medium, and low twist densities were 21◦, 25◦,
and 30◦, respectively. For the samples with the lowest coil
bias angle, tensile stroke reached an average of 10.10%
(SD = 0.15%). In comparison, the samples with the highest
coil bias angle achieved an average tensile stroke of 13.94%
(SD = 0.25%) (Fig.7).

The effects of the twist insertion speed on the actuator
stroke were investigated by fabricating samples with consis-
tent properties at four motor speeds of approximately 60 rpm,
240 rpm, 480 rpm, and 720 rpm. The prototypes were tested
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under isotonic conditions while heating from 45◦ to 200◦.
In all cases, tensile stroke reached an average of 12.95%
(SD = 0.10%) when actuating against the same external load
of 3.17 N (Fig.7).

The effects of the training conditions on the tensile stroke
were evaluated by fabricating five sets of samples with
consistent properties and training under different static and
dynamic conditions. Three sets of samples were trained
against static loads of 1.83 N, 3.60 N, and 4.94 N, while the
remaining sets were tested under dynamic conditions against
extension springs with constants (k) of 0.0319 N/mm and
0.0929 N/mm.When actuating against the same external load
of 3.17 N, all samples achieved an average tensile stroke of
14.98% (SD = 0.50%) after the third test trial, irrespective of
the training load or condition used (Fig.8).

The effects of pre-stretching the precursor fiber and
increasing the anisotropy in thermal expansion were investi-
gated by stretching precursor fibers to 2.5%, 5%, and 7.5%
strain such that the final measured lengths were approxi-
mately 210 mm. The precursor fibers were annealed at 80◦

for 4 hours and left to cool for 24 hours prior to twisting
and coiling. When actuating against the same external load
of 3.17 N, samples with the lowest amount of pre-stretch
achieved an average of 9.82% (SD = 0.21%) stroke, while
samples with the highest amount of pre-stretch generated an
average of 16.28% (SD = 0.29%) stroke (Fig.10).
Lastly, the effects of pre-stretching the fully coiled TCP

samples while annealing on the actuator stroke were inves-
tigated. Samples were fabricated with consistent properties,
stretched to approximately 7.5%, 21%, and 35% strain, and
fixed to a wire rack during annealing. The samples retained
their coiled structure after 3 hours of annealing at 170◦.
When testing the prototypes under isotonic conditions, the
samples with the lowest amount of pre-stretch achieved an
average of 9.75% (SD = 0.28%) stroke, while the samples
with the highest amount of pre-stretch reached an average
of 12.83% (SD = 0.03%) stroke when actuating against the
same external load (Fig.11).

B. ISOMETRIC CONTRACTION TESTING
To capture the effects of altering different fabrication and
operating parameters on the actuator force generation, a series
of experiments were conducted following the isometric
experimental setup. Samples were fixed to the aluminum rods
while removing any slack or tension, and subsequently heated
from 45◦ to 200◦. A summary of the isometric contraction
testing is presented in Table 2, while graphs comparing the
effects on TCP force are presented in Appendix B.
The effects of the operating conditions were evaluated by

measuring the generated force for samples with no initial
extension or preload, as well as preloads with magnitudes
of 0.5 N, 0.75 N, 1.0 N, 1.25 N, and 1.5 N. Isometric test-
ing results demonstrate the samples with the largest preload
achieved an average generated force of 1.36 N (SD= 0.10 N),
while introducing no preload (blocked force) resulted in the
largest generated force of 2.50 N (SD = 0.12 N) (Fig.12).

TABLE 2. Summary of isometric contraction testing and the effects of
design parameters on TCP force generation.

The blocked force was also measured for samples fab-
ricated with different precursor fiber diameters. After the
samples were heated from 45◦ to 200◦, the samples with a
precursor fiber diameter of 0.21 mm generated an average
blocked force of 0.81 N (SD = 0.04 N). In contrast, the
samples with a precursor fiber diameter of 0.71 mm achieved
an average of 6.60 N (SD= 0.38N) of blocked force (Fig.13).

Next, the effects of varying the spring index on the actu-
ator force generation were investigated through isometric
testing. Results demonstrate the samples with the highest
spring index of 2.17 achieved the lowest average blocked
force of 1.79 N (SD = 0.04 N), whereas the samples with the
lowest spring index of 1.94 achieved an average of 2.95 N
(SD = 0.06 N) (Fig.13).

The samples fabricated with varying coil bias angles were
tested under isometric conditions to evaluate the effects on
the generated force. The samples with the highest twist den-
sity and lowest coil bias angles (21◦) achieved an average
of 2.10 N (SD = 0.10 N) of blocked force. In contrast, the
samples with the lowest twist density and largest coil bias
angles (30◦) recorded an average blocked force of 1.48 N
(SD = 0.05 N) (Fig.14).

The effects of the twist insertion speed on the actuator
generated force were investigated under isometric conditions.
All samples achieved repeatable blocked forces averaging
1.74 N (SD = 0.04 N), regardless of the motor speeds
of 60 rpm, 240 rpm, 480 rpm, and 720 rpm used during
fabrication (Fig.15).

Next, the effects of the training conditions on the actuator
force generation were investigated. For the samples trained
against static masses, the smallest forces were produced by
the samples trained against the 1.83 N load, achieving an
average of 1.70 N (SD = 0.04 N) of blocked force. The gen-
erated forces were largest for the samples trained against the
4.94 N load, achieving an average of 2.72 N (SD = 0.02 N)
of blocked force. Similarly, for the samples trained under
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dynamic conditions (Fig.16), the samples trained against
the lower spring constant generated an average of 1.86 N
(SD = 0.00 N) of blocked force while the samples trained
against the higher spring constant generated an average
of 2.57 N (SD = 0.03 N).
The samples fabricated with varying levels of pre-stretch

in the precursor fiber were tested under isometric conditions
to investigate the effects of precursor fiber anisotropy on the
actuator force generation. Here, the samples with the largest
amount of pre-stretch (7.5%) generated the lowest blocked
forces at an average of 1.53 N (SD = 0.01 N). In contrast,
the samples with the lowest amount of pre-stretch (2.5%)
generated the greatest blocked forces (Fig.17) at an average
of 1.98 N (SD = 0.02 N).
Lastly, the prototypes fabricated with varying magnitudes

of pre-stretch in the coiled samples during the annealing stage
were tested under isometric conditions. The largest forces
were observed for the samples with the smallest magnitude
of pre-stretch (7.5%) at an average of 1.88 N (SD = 0.05 N),
while the samples stretched to 35% achieved the lowest forces
at an average of 1.48 N (SD = 0.01 N) (Fig.18).

C. ECCENTRIC CONTRACTION TESTING
To capture the effects of altering different fabrication and
operating conditions on the actuator variable stiffness prop-
erties, a series of experiments were conducted following
the eccentric experimental setup. Samples were fixed to the
aluminum rods while removing any slack or tension, and sub-
sequently brought to constant temperatures (including room
temperature, 50◦, 80◦, and 110◦) in the environmental cham-
ber. The range in stiffness was calculated as the ratio of the
maximum to minimum elastic moduli, and all stresses were
calculated by normalizing the effective generated force with
the initial precursor fiber cross-sectional area. A summary of
the eccentric contraction testing is presented in Table 3, while
graphs comparing the effects on TCP range in stiffness are
presented in Appendix C.

TABLE 3. Summary of eccentric contraction testing and the effects of
design parameters on TCP range in stiffness.

First, the effects of the operating conditions on the actuator
range in stiffness were tested by loading the TCP samples to
5% strain at strain rates of 2-, 5-, and 10mm/min, andmeasur-
ing the tensile modulus at each temperature. Results demon-
strate that the minimum average modulus was measured at

room temperature, while the maximum modulus was mea-
sured at 110◦, for all strain rates. The range in stiffness
factor was greatest at 2.31 for the strain rates of 10 mm/min.
In contrast, the range in stiffness factor was lowest at 2.13 for
the slowest strain rates of 2 mm/min. To conserve time and
ensure consistency in the data captured, a 5 mm/min strain
rate was selected for all remaining eccentric tests (Fig.19).

The effects of the spring index on the variable stiffness
properties of the actuators were tested for the samples with
a spring index of 2.17, 2.02, and 1.94. The range in stiffness
factor was highest at 1.69 for the samples with spring indices
of 2.17. In contrast, the range in stiffness decreased to 1.63 for
samples fabricated with spring indices of 1.94 (Fig.21).

For the samples fabricated with varying twist densities and
coil bias angles, the average modulus at room temperature
was 115.77 MPa (SD = 3.23 MPa) for the samples with
30◦ coil bias angles, and 270.96MPa (SD= 2.05MPa) for the
samples with 21◦ bias angles (Fig.22). When heated to 110◦,
the range in stiffness factor was 3.16 for the samples with
the largest coil bias angles, and 1.44 for the samples with the
lowest coil bias angles.

Next, the samples fabricated with varying magnitudes of
pre-stretch in the precursor fiber were investigated for its
effects on the range in stiffness. Results demonstrate the
range in stiffness factor was lowest at 1.92 for the samples
with 2.5% pre-stretch in the precursor fiber. The range in
stiffness factor increased to 2.12 at 5% pre-stretch, with a
slight increase to 2.13 at 7.5% pre-stretch (Fig.26).

Lastly, the range in stiffness factor was evaluated for sam-
ples fabricatedwith varying levels of pre-stretch introduced to
the coiled samples during the annealing stage. At the lowest
pre-stretch of 7.5%, a range in stiffness factor of 1.45 was
measured. In comparison, at the highest pre-stretch of 35%,
the measured variation in stiffness factor was 1.33 (Fig.27).

IV. DISCUSSION
Analysis of the isotonic test results revealed several rela-
tionships between individual design parameters and their
effects on actuator stroke. An optimal actuating load exists
that yields the maximum tensile stroke, where insufficient
loads result in inadequate space between neighboring coils
to contract. In contrast, higher actuating loads create oppos-
ing forces that are too large for the actuator to overcome.
Pre-stretching the precursor fiber, as well as the TCP dur-
ing annealing, was effective at improving the TCP stroke.
Conversely, actuator stroke was limited in samples prepared
with higher coiling loads (and low spring indices), or if the
twist density of the actuator was increased reducing the coil
bias angle. Actuator stroke was independent of the precursor
fiber diameter used if the stresses were consistent between
samples, and the motor speed used during fabrication also
had a negligible effect on the actuator stroke. Adjusting the
actuator training load did not influence tensile stroke after the
third test trial, although a minor re-training step was required
when altering the actuating load to obtain consistent actuation
cycles.
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Isometric tests provided further insight into the effects of
each parameter on the actuator force generation. The gener-
ated force increased notably with increasing precursor fiber
diameter. While the precursor fiber diameter had a minimal
effect on the actuator stroke, it had a noticeable effect on the
actuator force generation and should be considered carefully
in the design. Training techniques, using heavier staticmasses
or stiffer extension springs, were effective at improving the
actuator force. The twist insertion speed, similar to the iso-
tonic test results, had a negligible effect on the actuator
force generation. In contrast, lower coiling loads (and higher
spring indices) reduced the effective force generation of the
actuator, presenting a trade-off in performance with the actu-
ator stroke. Similar trade-offs were observed when varying
the twist density and coil bias angle, where samples with
higher twist densities and lower coil bias angles achieved
the largest blocked forces. Moreover, pre-stretching either the
precursor fiber or the coiled actuator during the annealing
stage limited the actuator force generation, highlighting addi-
tional trade-offs in performance between actuator stroke and
generated force.

The final performance metric evaluated was the range in
stiffness. In all cases, nominal moduli of the TCPs decreased
with increasing temperature until neighboring coils con-
tacted, after which the nominal moduli tended to increase
by a factor dependent on the parameter under investigation.
Higher strain rates yieldedwider ranges in stiffness indicating
a sensitivity to dynamic loading conditions. Pre-stretching
the precursor fiber showed a general increasing trend in the
magnitude of the range in stiffness; however, the minimal
change between 5% and 7.5% pre-stretch indicates that fur-
ther tests using broader pre-stretch ranges may be required to
fully establish this relationship. Conversely, decreasing trends
were observed in the range in stiffness as the spring index or
coil bias angle decreased; however, it is worth noting that the
stresses required to elongate the samples were considerably
higher at all temperatures for samples with the lowest spring
index and lowest coil bias angle, potentially contributing to
the narrower ranges in stiffness. Similarly, a decreasing trend
was observed in the range in stiffness when increasing the
pre-stretch in the coiled samples, highlighting a reduction
in the actuators’ effective force capacity and strength during
operation. Designers should avoid excessive twist density and
pre-stretching of the TCP beyond what is required to meet
the stroke requirements, in order to maintain a wider range in
stiffness.

V. CONCLUSION AND FUTURE WORK
The objective of this work was to comprehensively char-
acterize the mechanical and thermal performance of TCP
actuators, facilitating the fabrication of tailored prototypes
meeting specific design criteria or requirements. Eight fab-
rication and operating parameters were identified that lacked
characterization collectively for their potential effects on the
actuator performance, namely the stroke, force generation,
and range in stiffness. Strategies to enhance stroke capacity

include optimizing the actuating load, increasing the spring
index, and pre-stretching the precursor fiber to improve
the thermal anisotropy. To improve the force generation,
designers can consider minimizing the preload, increasing the
precursor fiber diameter, reducing the spring index, training
against heavier masses or stiffer extension springs, and avoid-
ing additional pre-stretch to the precursor fiber or fully coiled
sample. To achieve wider ranges in stiffness, some methods
include increasing the strain rate, limiting twist density and
increasing coil bias angle, and increasing the spring index.

In future work, several key areas need to be addressed to
enhance the understanding and applications of TCP actuators.
While this study provides valuable insights for designers
intending to optimize TCP actuator performance for high
stroke, force, or variable stiffness applications, most practical
applications would involve a combination of these perfor-
mance metrics. A comprehensive analysis of the interaction
effects between multiple parameters is critical for finding
the optimal combination of design parameters that yield
the desired set of performance requirements, while min-
imizing the negative effects of any trade-offs. The study
should also be expanded to encompass a broader range of
environmental conditions, such as varying humidity levels,
to assess their influence on TCP performance. Before adopt-
ing TCP actuators into various applications, the long-term
durability and cycle performance of TCPs under diverse
operating conditions should be investigated to confirm that
TCPs can maintain their performance requirements over
time. Moreover, the scalability of TCP actuators should
be explored for applications such as robotics and mobility
assistive devices, ensuring the optimized parameters are con-
sistently reproducible at a larger scale. Finally, the use of
advanced materials, including alternative precursor polymers
and composite materials, should be studied to identify poten-
tial candidates that may offer superior performance to those
studied in this work. These future areas of work should col-
lectively advance the field and contribute to the development
of more robust and versatile TCP actuators.

APPENDIX A
COMPLETE ISOTONIC TESTING RESULTS

FIGURE 4. Effect of operating load on TCP stroke.
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FIGURE 5. Effect of precursor fiber diameter on TCP stroke.

FIGURE 6. Effect of spring index on TCP stroke.

FIGURE 7. Effect of twist density and coil bias angle on TCP stroke.

FIGURE 8. Effect of twist insertion speed on TCP stroke.

FIGURE 9. Effect of training conditions on TCP stroke.

FIGURE 10. Effect of pre-stretching precursor fiber on TCP stroke.

FIGURE 11. Effect of pre-stretching coiled sample on TCP stroke.

APPENDIX B
COMPLETE ISOMETRIC TESTING RESULTS

FIGURE 12. Effect of operating pre-stretch on TCP force.
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FIGURE 13. Effect of precursor fiber diameter on TCP force.

FIGURE 14. Effect of spring index on TCP force.

FIGURE 15. Effect of twist density and coil bias angle on TCP force.

FIGURE 16. Effect of twist insertion speed on TCP force.

FIGURE 17. Effect of training conditions on TCP force.

FIGURE 18. Effect of pre-stretching precursor fiber on TCP force.

FIGURE 19. Effect of pre-stretching coiled sample on TCP force.

APPENDIX C
COMPLETE ECCENTRIC TESTING RESULTS

FIGURE 20. Effect of operating strain rate on TCP range in stiffness.
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FIGURE 21. Effect of precursor fiber diameter on TCP range in stiffness.

FIGURE 22. Effect of spring index on TCP range in stiffness.

FIGURE 23. Effect of twist density and coil bias angle on TCP range in
stiffness.

FIGURE 24. Effect of twist insertion speed on TCP range in stiffness.

FIGURE 25. Effect of training conditions on TCP range in stiffness.

FIGURE 26. Effect of pre-stretching precursor fiber on TCP range in
stiffness.

FIGURE 27. Effect of pre-stretching coiled sample on TCP range in
stiffness.
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