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Abstract: Twisted coiled actuators (TCAs) are a type of soft actuator made from polymer fibres such
as nylon sewing thread. As they provide motion in a compact, lightweight, and flexible package,
they provide a solution to the actuation of wearable mechatronic devices for motion assistance. Their
limitation is that they provide low total force, requiring them to actuate in parallel with multiple units.
Previous literature has shown that the force and stroke production can be improved by incorporating
them into fabric meshes. A fabric mesh could also improve the contraction efficiency, strain rate,
and user comfort. Therefore, this study focused on measuring these performance metrics for a set
of TCAs embedded into a woven fabric mesh. The experimental results show that the stroke of the
actuators scaled linearly with the number of activated TCAs, achieving a maximum applied force of
11.28 N, a maximum stroke of 12.23%, and an efficiency of 1.8%. Additionally, two control methods
were developed and evaluated, resulting in low overshoot and steady-state error. These results
indicate that the designed actuators are viable for use in wearable mechatronic devices, since they
can scale to meet different requirements, while being able to be accurately controlled with minimal
additional components.

Keywords: smart textiles; artificial muscles; smart materials; wearable devices

1. Introduction

Stroke is one of the leading causes of death and disability in the world, with the
WHO projecting a total of 61 million disability-adjusted life years lost to stroke worldwide
in 2020 [1]. Stroke often impairs motor functions, with arm paresis in particular being
common among patients [2]. In order to return mobility to such patients, repetitive task
training is often used, with favourable results; however, access to such therapy is often
limited by the cost and availability of trained therapists [3]. To address this, wearable
robotic devices have been shown to be effective methods of implementing this therapy,
by aiding motor control recovery after stroke events [4]. When used by therapists, they
reduce the required number of contact hours with patients, and in some cases, even allow
non-therapist operators to control them after initial setup [5]. If the convenience and
portability of wearable devices could be increased, they could even be used at home, which
has been shown to increase patient adherence to exercise [6], would remove accessibility
barriers, and allow for continued use during service disruptions, such as during pandemics
or other disasters.

Increased portability and convenience could be achieved by replacing electromagnetic
motors in such devices, which are inherently cylindrical and rigid, with a flexible artificial
muscle-like actuator system embedded into a flexible, textile-based wearable device. Nylon
6,6 twisted coiled actuators (TCAs) are a smart material actuator that has higher power
to weight output, larger force generation, larger stroke, and more linear behaviour with
less hysteresis when compared to other smart material actuators [7]. When heat is applied

Actuators 2021, 10, 37. https://doi.org/10.3390/act10020037 https://www.mdpi.com/journal/actuators

https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0000-0002-3616-2891
https://doi.org/10.3390/act10020037
https://doi.org/10.3390/act10020037
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/act10020037
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/2076-0825/10/2/37?type=check_update&version=2


Actuators 2021, 10, 37 2 of 23

to a TCA fibre, it contracts more than 20% of its initial length, and exerts stresses greater
than 35 MPa, which is 100 times greater than biological muscle fibres [8]. This can be
done by passing an electric current through a conductive heating element bound with
the constituent twisted nylon, such as silver paint, to make the actuators electrically
controllable [9]. While TCAs have many desirable characteristics, they do have some
drawbacks: they have low efficiency, low gross force per unit fibre, and tend to have a
slow response time, especially in relaxation compared to contraction [10], which has been
addressed previously through the use of pressurised air to facilitate rapid cooling times [11].
Their shortcomings affect their ability to be adopted in clinical and commercial devices,
but there are promising methods of overcoming these issues.

Currently, in the literature, it has been found that incorporating smart material ac-
tuators into fabric meshes can improve stroke and force production compared to other
multi-fibre actuators [12], which, if the same holds true for TCAs, could be a way of improv-
ing their force production capabilities. Doing so also has the possibility of increasing the
efficiency of the actuators by increasing the thermal insulation surrounding them, reducing
the amount of waste heat generated during the contraction phase. To further improve
performance, multi-fibre bi-pennate structures mimicking human muscle could be used as
the base structure for a woven actuating module. This structure arranges opposing pairs
of artificial muscles along a central tendon at an acute angle to let them work together
without interfering with one another, similar to how biological muscle fibres are arranged
in the human body [13]. Multiple TCAs working in tandem would increase the maximum
force production of the unit, as seen in other examples of biomimetic structures incorpo-
rating TCAs [14], with a structure that also has the added benefit of architectural-based
velocity gearing [15]. This feature innately dampens disturbances, increasing the safety for
the user over normal compliant actuators. This paper proposes to make use of a woven
fabric mesh with an embedded pennate structure comprised of TCAs to create a viable
actuation module for therapeutic wearable robotic devices, characterise its stroke and force
production, and implement control schemes to control the force output of the actuating
module.

2. Actuator Characterisation
2.1. Materials and Methods

In order to meet these objectives, a series of experiments were conducted. First, the
stroke and force production capabilities of the actuator were characterised in an isotonic
and isometric configuration, respectively, with the efficiency of the actuator being calculated
for the isotonic contraction experiment. Next, the performance of the actuator at elevated
contraction speeds was investigated, looking at how it performed with a 2 s contraction time
(chosen based on therapy frequency requirements found by Polygerinos et al. [16]) and at its
minimum possible contraction period, while still achieving a full range of motion. The final
set of experiments explored the performance of the actuator when attempting to produce a
constant force setpoint when controlled by both a proportional-integrative-derivative (PID)
controller and a 2-degree-of-freedom (DOF) feedforward-feedback composite controller.

2.1.1. TCA Fabrication and Training

Using a method derived from Cho et al. [17], to construct the TCAs, a 2.5 m length
of silver coated nylon thread (Shieldex 4-ply Coated Nylon Thread 260151023534) was
attached at one end to a DC motor. The other was attached to 175 g of calibration weights,
to keep the thread taut while the motor spun to twist the thread. The DC motor spun
the thread until it first became coiled, then supercoiled, which occurred when the thread
completely coiled on itself twice, significantly shortening and changing the width of the
thread structure. The supercoiled thread was then clamped with non-insulated quick-
disconnect terminals (Electerm BB2-MQ1) in 100 mm intervals, measured from the base of
the terminals. These intervals were selected to be free of snags, runs, and other irregularities.
Excess material was then trimmed so that the terminals were the endpoints of the TCAs.
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After creating the TCAs, they needed to be trained in order to contract when heated.
To do this, an untrained TCA was attached to a rigid structure, with a metal hook at one end
and a free-hanging 50 g calibration weight at the other, to keep it taut. The TCA was then
attached via alligator clips to a DC power supply (BK Precision 1671A), and 0.8 A of current
was applied at 3.6 V, giving a total initial power delivery value of 2.88 W. This heated the
actuator through Joule heating, dissipating the power losses in the actuator as heat to raise
its temperature. The temperature of the actuator was measured using a thermocouple
(Agilent U1272A (with Thermocouple Attachment)). Once the TCA reached 120 ◦C, the
DC power supply was shut off to prevent overheating and damaging the actuator, and
begin cooling the actuator. The TCA was allowed to cool to room temperature, measured
using readings from the thermocouple. This heating and cooling cycle was repeated five
times per TCA, after which the TCA was considered trained and able to contract with the
application of Joule heating. The difference between an untrained and trained TCA can be
seen in Figure 1.

(a) (b)
Figure 1. (a) Untrained twisted coiled actuator (TCA). (b) Trained TCA.

2.1.2. Actuator Fabrication

The full actuation module was constructed by stringing a number of pairs of TCAs
(dependent on experiment) between rigid side tendons and a rigid central tendon, with a
small amount of tension applied to keep the TCAs taut. To keep the TCAs attached, pins
were embedded within the tendons and the TCAs were slid over them. Then, purpose-built
3D printed caps were slid over the pins in order to keep the TCAs attached while allowing
for rotation. After doing this, thermocouples were fed through retaining slots, which
were constructed as part of the pin caps, and attached to the TCAs at a distance of 2 cm
from the end of the thermocouple guide. They were tied to the TCAs with nylon thread
underneath their weld bead, snugly affixing them to the actuating fibres (see Figure 2).
Thermal paste (Halzniye 510) was then applied liberally to eliminate air gaps between the
thermocouples and the TCAs, to improve the thermal conductivity and electrical insulation
between the two components. Once the thermal paste had been applied, the actuator
was woven using 100% nylon 18 weight yarn (Annie’s Catalog 1005019) using a standard
over–under manual weaving technique. This was done by attaching the yarn to a weaving
needle, and manually passing it through each TCA, passing the yarn over, then under, each
successive TCA. The needle was then turned around, and passed through the TCAs again
in the opposite direction, going over each TCA where it had gone under the previous pass,
and vice versa, to create a loop encompassing each TCA. Each pass, the yarn loops were
compressed against one another to make the weave as tight as possible. This weaving
procedure continued until the thermocouples attached to the TCAs had been covered by a
minimum of three loops, and then was repeated on the other side to complete the mesh.
An actuator in the process of being woven can be seen in Figure 3. Upon completion of
both sides, the side tendons were adjusted to ensure a 45◦ pennation angle between the
central tendon and the TCA fibres, after which the actuator was considered fabricated and
ready for experimentation, as seen in Figure 4.
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Figure 2. Thermocouples after having been attached to the TCAs, with thermal paste applied.

Figure 3. Actuator in the process of being woven. The right side has been completely woven, while
the left has yet to be woven.

2.1.3. Actuator Characterisation

To characterise the stroke production of the actuator, ten actuators were constructed,
with six constituent pairs of newly fabricated and trained TCAs, following the method
detailed above. They were placed in a vertical configuration on a levelled lab bench, such
that a weight could be freely hung from the central tendon, as seen in Figure 4. After
doing so, 1.2 kg of calibration weights were hung from the hook of the central tendon
and an IR distance sensor (SHARP GP2Y0A51SK0F) was affixed to the bottom of the
weights, such that it was pointed at a controlled reflectivity surface on the ground. After
adjusting the actuator and making sure a 45◦ pennation angle was still maintained, the
experiment commenced. The number of pairs of TCAs being heated, or activation levels,
were iteratively tested to determine its stroke production capacity. A pair of TCAs was
chosen randomly to designate it as “activated”, and it was supplied with a maximum
of 30 W (10 V at 3 A) of power by a programmable DC power supply (Rigol DP811).
Transistors (Vishay Silconix SI3900DV) controlled this supply, being kept open to allow
the activated TCAs to heat until they both reached a temperature of 80 ◦C, as read by
the attached thermocouples. If one TCA achieved this temperature before the other, its
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power was cut off by closing its transistor until its temperature went below 80 ◦C, when its
transistor was opened again until it went over 80 ◦C once more. This oscillation continued
until both active TCAs reached the 80 ◦C threshold.

Figure 4. Actuator configuration for the stroke characterisation experiment.

Once they achieved this temperature, the power was cut off to allow them to cool to a
temperature of 30 ◦C. After cooling to this point, the trial was considered complete, and the
process would begin again with another randomly selected pair of TCAs. Throughout the
trial, the TCA temperatures, power consumed (Texas Instruments INA219B), the distance
of the weights from the ground, and time elapsed were logged using a microcontroller
(Espressif ESP32) at a sampling rate of 0.11 s, with the limiting speed factor being the
communications between the thermocouple amplifiers (Maxim IC MAX6675) and the
microcontroller. This was repeated for a total of five trials for that actuator at that activation
level.

After this set of trials was finished, the power available for the actuator was increased
by 10 W by increasing the available current by 1 A. The activation level was increased to
two pairs of active TCAs, and five trials were completed following the same procedure as
before. This process was repeated, increasing the number of activated pairs by one every
five trials, and increasing the power available to the actuator by 10 W by increasing the
available current by 1 A, until all of the activation levels (six in total) were completed. In
summary, five trials were completed per activation level, for a total of 30 trials per actuator.
After these were complete, the actuator was disassembled and a new actuator was made
with a new set of TCAs, and evaluated in the same way. This was repeated until ten
actuators had been tested, giving a total of 50 trials per activation level.

The force characterisation experiment was performed in a similar manner on actuation
modules comprised of six pairs of TCAs, using the same grouping of TCAs as in the stroke
characterisation experiment. Instead of constructing the modules in a vertical configuration,
they were constructed horizontally in a purpose-built rigid structure, and attached to a
load cell (Bolson Tech 5 kg load cell with a XFW-HX711 amplifier) with the hook on the
central tendon, as seen in Figure 5. After the construction of the actuation modules, the
side tendons were adjusted to ensure a 45◦ pennation angle once more, and the same
heating and cooling procedure described above was applied to the module. Each of the six
activation levels were tested a total of five times per actuator, measuring the temperature
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of the active TCAs, their power consumption, the force exerted by the module on the load
cell, and the time elapsed at a sampling interval of 0.11 s. The results were recorded once
more on an ESP32 microcontroller. A total of ten actuators were tested this way, giving a
total of 50 trials per activation level.

Figure 5. Actuator configuration for the force characterisation experiment.

2.1.4. Contraction Period

After characterizing the performance of the actuators at a slow speed, additional
experiments were performed to determine how they behaved at elevated contraction
speeds, with the goal of determining their best possible response time. Tests similar to
those used to characterise the stroke of the actuation module were performed with this
purpose. The number of constituent pairs of TCAs in the modules tested was reduced from
six to three, seen in Figure 6, but were otherwise fabricated as in the previous experiments
in a vertical configuration, so that the isotonic stroke could be measured as in the stroke
characterisation experiment. The power supplied to the actuator was set to the maximum
possible given the electrical transmission components used, giving a supply of 80 W per
active pair of TCAs at 20 V and 4 A. This gave a maximum of 240 W supplied to the actuator
when all pairs were activated. The weight hung from the central tendon was reduced to
600 g, to account for the halving of the number of active pairs of TCAs.

After the actuating module was set up, the TCAs were operated on in a similar
trial progression as in the stroke characterisation experiment, with two sets of tests being
completed, with one having a variation in its heating procedure. Rather than attempting to
achieve a target temperature of 80 ◦C, the active TCAs were heated for a set interval of 2 s.
This was done to measure the stroke production capabilities of the actuator at a constant
elevated contraction speed. This experiment will be referred to as the constant contraction
period experiment. The second test was performed according to the same procedure as
in the stroke characterisation experiment, being heated until an average temperature of
80 ◦C was achieved before being allowed to cool to 30 ◦C for each trial performed. This
was done in order to determine the minimum contraction period that the actuator was
capable of achieving in its current configuration. This will be referred to as the minimum
contraction period experiment. Throughout each trial, for both tests, the time elapsed,
stroke, and temperature were recorded. The trial progressions were the same as in the
stroke characterisation experiment, with each activation level being tested five times per
actuator per test. Six actuators were tested, giving 30 trials per active level in total for
each test.
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Figure 6. Actuator configuration for the contraction period characterisation experiments.

2.1.5. Analytical Methods

In order to determine the significance of effects between different activation levels and
the constructed actuation module, repeated measures one-way ANOVAs were conducted.
The within-subjects factor being tested was the differences between different activation
levels (e.g., force and stroke produced, and heating time), while the between-subjects
factors being tested were the different fabricated actuators, to determine the consistency of
results between different modules. Where applicable, the different control schemes were
also a between-subjects factor that was tested, to determine the differences in performance
between the two controllers. These were all completed with an α value of 0.05 and a β
value of 0.80, to achieve desired certainty thresholds. Bonferroni corrections were applied
to address repeated independent comparisons. Due to the comparisons between different
time values, Kruskal–Wallis analyses were also conducted to determine the differences
between different groupings of trials (e.g., time constant and peak time differences between
the responses of different controllers). Confidence intervals were also calculated using the
standard confidence interval equation:

CI = µ± Z
σ√
n

(1)

where µ is the mean of the dataset, σ is the standard deviation, n is the number of samples,
and Z is the z score associated with the desired certainty level. For a certainty of 95%, the Z
value is set to 1.96. All analyses were performed with the assistance of IBM SPSS Statistics,
Version 27.

2.2. Results
2.2.1. Actuator Characterisation

After performing all of the trials for each activation level of each actuator in both the
stroke and force characterisation, the temperature of each active TCA at each time point
was averaged to find the mean active temperature of the actuator, and the initial distance
and force produced was subtracted from each subsequent point in their respective points
to obtain the additional values produced by the actuators. These results can be seen in
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Figure 7 for the stroke characterisation experiments, and Figure 8 for the force charac-
terisation experiments. Once this was done, the trial was then split into two phases: the
actuator in contraction, and the actuator in relaxation. These were separated by finding the
time point at which the average temperature of the of the active TCAs began to decrease,
while their total power consumption was zero. Afterwards, the maximum stroke and force
produced by the actuation modules were calculated for each trial when in its contractive
phase, to determine their maximum production capabilities. Having found the contractive
capabilities of the actuators, confidence intervals were constructed from the maximum
production values, and a linear regression was applied to their mean values to determine
their linearity. These regressions can be seen in Figure 9.

(a) (b) (c)
Figure 7. Results of the stroke characterisation experiment, showing data from example trials. For the purpose of clarity,
example curves were used, due to low variance between trials. (a) Stroke production of the actuator. (b) Temperature
achieved by the actuator. (c) Power consumed by the actuator.

(a) (b) (c)
Figure 8. Results of the force characterisation experiment, showing data from example trials. For the purpose of clarity,
example curves were used due to low variance between trials. (a) Force production of the actuator. (b) Temperature
achieved by the actuator. (c) Power consumed by the actuator.
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(a) (b)
Figure 9. Maximum actuator production per active pairs of TCAs, with overlaid linear regressions. The variable n denotes
the number of activated pairs of TCAs. (a) Stroke production results. (b) Force production results.

The contraction results were then used to perform a univariate regression between
temperature and the stroke or force produced by the actuator. The data were prepared by
separating the contraction data from the relaxation data for each trial, and constructing
a dataset for each activation level for each mode of production consisting of all of the
paired values in that experiment. After this preparation, the regression was performed
with temperature being the independent variable and stroke or force being the dependent
variable. The polyfit function was used in the scripting language MATLAB. The degree
of the regressed polynomial was tested iteratively from a degree of one to ten in order to
find the degree that minimised the average root mean square error across all activation
levels for each type of regression. From this procedure, it was found that a degree of one
could be used to model the relationship between temperature and stroke, with minimal
error and without overfitting, while a degree of five was chosen to model the relationship
between temperature and force. The form of the one degree temperature–stroke regression
can be seen in Equation (2), and the form of the degree five temperature–force regression
can be seen in Equation (3). These equations give the general form of their respective
relationships, with sprod and Fprod referring to the stroke and force produced by the actuator,
respectively, T referring to the temperature of the actuator in degrees celsius, and AH–FH
referring to the polynomial coefficients that comprise the polynomial regressions. The
coefficients for the regressed functions for each activation level from one to three can be
found in Tables 1 and 2 for stroke and force respectively. How those regressions fit for the
temperature–stroke and temperature–force relationships can be seen in Figures 10 and 11,
respectively. The regressed force functions were used in Section 3.1 in order to construct
the force controllers.

Looking at the results of the repeated measures one-way ANOVA performed for
within-subject factors, a null-hypothesis can be rejected for each of the activation levels in
contraction for stroke and force produced (p < 0.01 for all comparisons). This indicates
that each additional pair of TCAs produced statistically significant differences in stroke
and force production. Comparing the between-subject factors, it was found that there were
no statistically significant differences between different actuation modules operating at
the same activation level in terms of either the stroke or force produced in contraction
(p = 0.51 and p = 0.38, respectively), indicating that the production at each activation
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level is similar across different fabricated instances of the actuation module, denoting
consistency in contraction.

sprod = AHT + BH (2)

Fprod = AHT5 + BHT4 + CHT3 + DHT2 + EHT + FH (3)

Table 1. Regressed temperature–stroke relationships, as described in Equation (2), by activation level.

Activation Level AH BH

1 0.039 −0.97
2 0.067 −1.89
3 0.104 −2.95

Table 2. Regressed temperature–force relationships, as described in Equation (3), by activation level.

Activation Level AH BH CH DH EH FH

1 −9.11 × 10−7 2.39×10−4 −0.024 1.21 −26.96 245.17
2 −9.43 × 10−6 2.51×10−3 −0.26 12.29 −272.94 2266.01
3 −1.19 × 10−5 3.29×10−3 −0.35 17.60 −410.85 3584.51

(a) (b) (c)
Figure 10. Regressed temperature–stroke relationships overlaid over experimental data, separated by activation level.
(a) One activated pair. (b) Two activated pairs. (c) Three activated pairs.

(a) (b) (c)
Figure 11. Regressed temperature–force relationships overlaid over experimental data, separated by activation level. (a) One
activated pair. (b) Two activated pairs. (c) Three activated pairs.
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However, it should be noted that the actuators did not perform the same in contraction
and relaxation. From Figures 7 and 8 it can be seen that slack was introduced into the
actuators during the relaxation phase, with both the force and stroke produced decreasing
below the origin point. This is indicative of non-linearities present in the stroke and force
production of the system due to hysteresis. To quantify this effect, the average stroke
and force production at each temperature point for each activation level was found and
averaged across each trial, to give one average temperature–stroke and temperature–force
curve for each activation level. These curves can be seen in Figure 12.

(a) (b)
Figure 12. Average hysteresis at each activation level during the characterisation experiments. The abbreviation “H.”
denotes the production of the actuator while it is heating, and the abbreviation “C.” denotes the production of the actuator
while it is cooling. (a) Stroke production hysteresis curves. (b) Force production hysteresis curves.

After doing so, the peak and root mean square (RMS) offset was calculated for each
activation level for both stroke and force, which can be seen in Tables 3 and 4 for stroke and
force, respectfully. Looking at these values and curves, it can be seen that for each mode of
production, the difference between the actuators’ production is inversely proportional to
the achieved temperature; that is, the lower the temperature, the greater the difference in
production.

Table 3. Calculated peak and RMS hysteresis per activation level for the stroke characterisation
experiment.

Activation Level Peak Hysteresis Offset (mm) RMS Hysteresis Offset (mm)

1 0.98 0.54
2 1.62 0.91
3 2.10 1.21
4 2.53 1.45
5 2.90 1.63
6 2.29 1.31
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Table 4. Calculated peak and RMS hysteresis per activation level for the force characterisation
experiment.

Activation Level Peak Hysteresis Offset (gf) RMS Hysteresis Offset (gf)

1 94.36 80.38
2 159.06 133.27
3 240.94 190.36
4 314.30 239.17
5 407.22 310.43
6 485.84 376.26

2.2.2. Contraction Period

Similar to the characterisation results, after the data were collected, they were pro-
cessed by averaging the temperature values for each TCA at each time point, and the initial
distance was subtracted from further values to get the contractive stroke. The results of
this can be seen in Figure 13 for the constant contraction period experiments and Figure 14
for the minimum contraction period experiments. The data were again split into contract-
ing and relaxing phases, and the maximum temperature and stroke for each contractive
phase was found. Similar again to the characterisation results, confidence intervals were
constructed from the maximum production values, and linear regressions were applied to
their mean values to determine their linearity. These regressions can be seen in Figure 15.

(a) (b) (c)
Figure 13. Results of the constant contraction period experiment, showing data from example trials. For the purpose of
clarity, example curves were used, due to low variance between trials. (a) Stroke production of the actuator. (b) Temperature
achieved by the actuator. (c) Power consumed by the actuator.

Similar to the characterisation experiments, from the results of repeated measures
one-way ANOVA performed for within-subject factors, the null-hypothesis can be rejected
(p < 0.01 for all comparisons) for each of the activation levels in terms of stroke produced
in contraction for each of the contraction speeds investigated. When applied to the time
required to reach 80 ◦C in the minimum contraction period experiment, it was found
that there were no statistically significant differences between activation levels in the
time required to reach the desired temperature (p ≥ 0.33 for all comparisons). This was
reaffirmed by the results of the Kruskal–Wallis testing done on the time values, which
also found no statistically significant differences between activation levels (p ≥ 0.77 for
all comparisons). Comparing the between-subject factors, it was found that there were no
statistically significant differences between different actuation modules operating at the
same activation level, in terms of either stroke produced or time required. To achieve the
desired temperature in the minimum contraction experiment (p = 0.93 for the constant
period stroke comparisons, and p = 0.52 and p = 0.95 for the minimum contraction
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period stroke and contraction time comparisons, respectively). This further reinforces that
there are minimal differences between different fabricated modules in terms of contractive
performance.

(a) (b) (c)
Figure 14. Results of the minimum contraction period experiment, showing data from example trials. For the purpose of
clarity, example curves were used due to low variance between trials. (a) Stroke production of the actuator. (b) Temperature
achieved by the actuator. (c) Power consumed by the actuator.

(a) (b)
Figure 15. Maximum stroke production per active pairs of TCAs, with overlaid linear regressions. The variable n denotes
number of active pairs of TCAs. (a) Constant contraction period experiment. (b) Minimum contraction period experiment.

2.2.3. Efficiency

In addition to characterising the contractive performance of the actuating modules,
their efficiency was also investigated. The efficiency was calculated by finding the ratio
between the electrical power consumed and the mechanical work output of the actuator
when lifting a mass in an isotonic configuration. Due to the power draw of the actuator
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changing over time from the internal resistances of the TCAs changing as they heated [18],
as well as fluctuation from the temperature control, the total energy consumed needed to
be calculated. This was done by multiplying the power draw at each sensor reading by
the time elapsed since the previous data point, and then summing each of these values
over the course of a whole trial to get the total energy consumed. The mechanical energy
output of the system in the same time period was found by multiplying the gravitational
force exerted on the system (a combination of the masses, the sensor, and the sensor
holster) by the maximum stroke of that trial. This work value was then divided by the
total energy consumed to get the efficiency for that trial. Confidence intervals for these
values, calculated from the stroke characterisation and contraction period experiments, can
be seen in Figure 16.

Figure 16. Efficiency of the actuator during isotonic contractions compared to activation level,
for the stroke characterisation experiment, minimum contraction period experiment, and constant
contraction period experiment. Significance in differences not displayed due to inapplicability.

2.3. Discussion
2.3.1. Characterisation Experiments

From the R2 value of the linear regressions performed (seen in Figure 9), it is apparent
that the contraction of the actuator scales very linearly with the number of active pairs of
TCAs, with a minimum value of 0.99 for the stroke regression. From the slopes of those two
linear regressions, the stroke increased at a rate of 1.97 mm, or 1.97% stroke, per additional
pair of active TCAs to a maximum value of 12.23%, and the force produced increased by
188.9 gf, or 1.85 N, per additional pair to a maximum value of 11.28 N. The maximum stroke
production of the actuator is in line with other forms of artificial muscle actuators [19–22],
and the additional force per active pair is comparable to [23–25] or better than [10,12,26]
examples of actuating fibres and fabrics in the literature on a per-fibre basis. However, one
has to consider that the TCAs are actuating at an angle, and thus are actually producing a
greater stroke and force than those experienced at the end effector. By changing the initial
pennation angle, one could feasibly increase both the stroke and force being applied by the
actuator, improving on its performance to be beyond the examples found in the literature.

2.3.2. Contraction Period Experiments

Looking at the linearity of the results of the contraction period experiments, from the
linear regressions performed (seen in Figure 15), the results were similar to the charac-
terisation experiments, with the actuator scaling very linearly with the number of active
pairs of TCAs at elevated contraction speeds, having a minimum R2 value of 0.99 for each
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regression. From the maximum stroke production values, in the minimum contraction
period experiment, the actuator was able to achieve similar stroke production values to
the stroke characterisation experiment at significantly higher rates of contraction, seen
in Table 5, with values ranging between 2.36 and 2.43 seconds to achieve the maximum
contraction. This is a significant improvement over the actuation speeds of the characteri-
sation experiment, and could be improved upon if the power supplied to the actuator was
increased. In future endeavours, more robust power transmission components should be
used to allow for this, as even greater actuation speeds would only result in more possible
use cases for the actuator.

Now, looking at the results of the constant contraction period experiment, which did
investigate elevated contraction speeds, it can be seen that decreasing the contraction period
without scaling the power supplied to account for this decrease does not allow the actuation
module to reach its full range of motion, reducing the stroke produced by the actuator
compared to both the stroke characterisation experiment and the minimum contraction
period experiment. The percent range of motion it was able to achieve compared to the
minimum contraction period experiment can be seen in Table 6. As well, the heating time
of the constant period experiment, expressed as a percentage of the minimum contraction
period to achieve full range of motion, is shown at each level. From these results, it can be
seen that, while the range of motion was restricted, it did not match the percent decrease
in contraction period, which hints that increasing the contraction speed does not have a
direct correlation to the range of motion lost.

Table 5. Average stroke and contraction period by activation level in the minimum contraction period
experiment.

Activation Level Mean Stroke Production (mm) Mean Contraction Period (s)

1 4.42 2.43
2 8.57 2.43
3 12.25 2.36

Table 6. Stroke and contraction period comparisons between the constant and minimum contraction
period experiments, by activation level. All values expressed as percentages.

Activation Level Mean Stroke Comparison Mean Contraction Period Comparison

1 0.90 0.82
2 0.84 0.82
3 0.84 0.85

2.3.3. Efficiency

From the results of the efficiency investigation, it can be seen that efficiencies were
fairly low, being between one and two percent. This is in line with values found in
the literature [10], which report similar values [27]. Looking at the confidence intervals,
however, the minimum contraction period experiment was able to improve its efficiency
over the stroke characterisation experiment, and the constant contraction period experiment
was able to improve its efficiency over the minimum contraction period experiment for all
activation levels except the third. This indicates that increased actuation speeds increase
the efficiency of the actuator, and future iterations with higher actuation speeds could see
their efficiency improve beyond the values found in the literature. To accomplish this,
however, more durable power transmission components and larger power supplies should
be used to facilitate greater actuation speeds.

3. Force Control Implementation
3.1. Materials and Methods

After characterizing the stroke and force production of the actuator, as well as de-
termining its performance at elevated contraction speeds, force control schemes were
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implemented to control the force output of the actuator. According to a literature review
performed, 2 DOF feedforward–feedback controllers have been used to great effect in con-
trolling single TCA fibres, improving accuracy [28], decreasing overshoot [29], improving
recovery time [17], and minimizing oscillations about a setpoint [30]; hence, it was desirable
to investigate their performance when used to control a multi-fibre pennate module. To
provide a baseline comparison, a PID controller was also implemented. The controllers
were constructed based on the force characterisation experiment results, which were used
to construct a time domain relationship between force output and actuator temperature at
each activation level. To find the relationship between actuator temperature and power,
it was assumed that sources of thermal radiation had a negligible impact on the heating
of the actuator, which, when applied to the general heating equation given in [31] and
simplified, gives the following heating equation:

T(t) = (Ti − Tamb)e−t/τc + PRT(1− e−t/τc) + Tamb (4)

where T, Ti, and Tamb are the current, initial, and ambient temperature in degrees Celsius,
respectively, t is the time in seconds since the beginning of the application of power, P
is the supplied power, RT is the thermal resistance of the actuator, and τc is the thermal
time constant of the system. The average thermal resistance for each activation level
of the actuator was calculated by dividing the difference between the maximum and
minimum temperature of the actuator in the heating phase of its trial by its average power
consumption [31], repeating for each trial of each activation level before being averaged
across each level. The average time constants for each activation level were found as the
time it took for the actuator to reach 63% of the difference between the initial and final
temperature of the actuator in that trial [32], before being averaged across each activation
level. The ambient temperature was assumed to be 25 ◦C, and the power input was set to
80 W per activated pair, as in the contraction period experiments. The calculated thermal
constants can be seen in Table 7.

Table 7. Thermal resistances and time constants of the system for each activation level, calculated
from experimental data. With each additional pair of TCAs, the thermal resistance decreased due the
additional surface area, which increased the active portion of the actuator’s heat loss capabilities.

Activation Level Thermal Resistance RT (◦C/W) Time Constant τc (s)

1 2.26 7.48
2 1.47 13.14
3 1.26 17.07
4 1.15 22.32
5 0.89 31.25
6 0.82 38.00

After finding these values, a simulated experiment was performed using the calculated
relationships. A simulated step input was created such that the power was held to 80
W per activated level until the temperature, calculated using Equation (4) with values
from Table 7, was able to increase from 25 ◦C to 85 ◦C, and then set to zero until the
temperature was able to cool to 30 ◦C, creating a simulated version of the temperature
curve from the minimum contraction period experiment. Similarly, a simulated version of
the temperature–force curves found in the force characterisation experiment were created
for each activation level across the same temperature span. These sets of pairs of curves
were then input into the System Identification Toolbox in MATLAB, which derived the
power–temperature transfer functions GPT(s) and the temperature–force transfer functions
GTF(s) for each activation level, as shown in Table 8.

These transfer functions were then applied to a PID control loop in the simulation
software Simulink, seen in Figure 17, so that the step response of the PID controller could
be tuned. The chosen force values were based on the results of the force characterisation
experiment, and can be seen in Table 9. In particular, special care was taken to minimize
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the overshoot and settling error of the controller, as errors of that nature would result in
the misapplication of force to the user, which could cause harm. After tuning, the KP, KI ,
and KD coefficients were found to be the values found in Table 10.

Table 8. Frequency domain transfer functions for the power–temperature relationships GPT(s) and the temperature–force
relationships GTF(s) for each activation level of the actuator.

Activation Level GPT(s) GTF(s)

1
0.1966s2−0.3707s+1.729

s3+0.2338s2+5.62s+1.309
311s+367.90

s2+130.3s+134.90

2

0.1328s+0.2193
s2+1.7s+0.1021

−2220s2−254.7s+6402
s4+64.23s3+494.3s2+174.3s+1191

3
0.05251s2−0.02736s+0.4945

s3+0.05077s2+6.122s+0.3108
1835s2+1932s+4308

s3+254.6s2+245s+599

Table 9. Force setpoints used for controller tuning and testing purposes, based on the results of the
force characterisation experiment, available in Figure 8.

Activation Level Force Setpoint (g Force Equivalent)

1 200
2 400
3 550

Figure 17. Layout of the control flow for the PID controller.

Table 10. Tuned PID coefficients.

Activation Level KP KI KD

1 30.0 0.05 1.50
2 3.5 0.10 0.90
3 4.0 0.10 0.06

After having tuned the PID controller, the step responses of the 2 DOF controllers
were then simulated and tuned. The composition of the 2 DOF controller can be found in
Figure 18. The same PID controllers as before were implemented for each activation level,
leaving only the KE coefficient to be tuned. Again, overshoot and settling error were the
two values that were being minimized, and the force setpoints used were the same as in
the PID tuning procedure. The results of the tuning process can be found in Table 11.

Once the controllers were designed, they were implemented on an ESP32 microcon-
troller and tested to determine their performance in controlling the actuator. To do so,
actuating modules were constructed in a horizontal configuration, as in the force charac-
terisation experiment, except with three pairs of TCAs instead of six. Once the actuator
was woven, the load cell structure was adjusted to ensure that a 45◦ pennation angle was
maintained, after which, each control scheme was tested. During the experiment run time,
a pair of TCAs were chosen randomly and heated via PWM (100 ms cycle time) with a
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maximum supplied power of 80 W per active pair of TCAs at 20 V and 4 A. This was done
until it reached a specified force setpoint based on the number of active pairs, which were
determined based on the results of the force characterisation experiment. The force output
of the actuator was maintained until five seconds had elapsed after achieving the desired
setpoint value. The actuator was then allowed to cool until the force readings again reached
zero, when another random pair of TCAs would be selected and the process would begin
again. Five trials were performed in this way using the PID controller, then five using the 2
DOF controller. The number of active TCAs was then increased by one, the power supplied
to the actuator was increased by 80 W, and the force setpoint was increased to match the
new number of active TCAs. This was repeated until each controller had been tested five
times at each activation level on that actuator. This entire process was then repeated on
further actuators until three actuators had been tested, giving 15 trials per activated pair
for each type of controller.

Figure 18. Layout of the control flow for the 2 DOF controller. The values of KP, KI , and KD were taken from the tuned PID
controllers for each activation level.

Table 11. Tuned 2 DOF controller coefficients.

Activation Level KE

1 2.0
2 3.5
3 6.0

3.2. Results

After completing the force control experiments, the data collected were processed and
made usable for analysis. The first segment of data consisting of the time it took to reach
the force setpoint, plus an additional five seconds, was separated from the rest of the data,
as that was the controlled portion of each trial. These data can be seen in Figure 19 for the
PID-controlled and the 2 DOF-controlled experiments. After separating the data in this
manner, the time constant, rise time, first peak time, overshoot, and settling value were
calculated from the force responses. Using these calculated values, confidence intervals
were constructed for each of the activation levels for each of the two types of controller
tested, and the average steady state errors were also calculated. These can be seen in
Figure 20.

Comparing between the PID and 2 DOF controller, it was found that there were
statistically significant differences in regards to the time constant, rise time, overshoot, and
settling value (p < 0.01 comparing within the same activation level), while the first peak
times were not statistically significantly different (p = 0.80) within the same activation
level. This indicates that the amount of error between the two controllers was statistically
different, from the overshoot and settling value results, while having similar response
times due to the lack of difference between the first peak times. It also indicates that the
two controllers have different transient behaviours, from the results of the time constant
and rise time comparisons.
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(a) (b)
Figure 19. Force responses of the force control implementation experiments, showing data from example trials. For the
purpose of clarity, example curves were used due to low variance between trials. (a) PID controller force response. (b) 2
DOF controller force response.

3.3. Discussion

Looking at the constructed confidence intervals of the control performance values
(seen in Figure 20), it is clear that the 2 DOF controller was the least erroneous of the two,
having between 2.4% and 2.6% overshoot, and between 0.56% and 0.94% steady state error,
while the PID controller had between 5.3% and 6.2% overshoot, and between 2.02% and
2.31% steady state error. The 2 DOF controller was able to minimize the error present in
the system, while having minimal impact on response time, being statistically similar to
the PID controller. As well, the settling values tended to be below the force setpoints at
each activation level, which is desirable, as it errs on the side of user safety in wearable
scenarios. This is important when considering its intended incorporation into therapeutic
devices. Therefore, of the two controllers, it can be said that with its conservative nature
and greater accuracy, without sacrificing response time, the 2 DOF controller is the superior
of the two.

(a) (b) (c)

Figure 20. Cont.
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(d) (e) (f)
Figure 20. Calculated control performance values for the PID and 2 DOF controller implementation experiments, compared
to activation level. A ∗ denotes a grouping with a significant difference. All p values < 0.01. (a) Time constant values.
(b) Rise time values. (c) First peak time values. (d) Settling values. (e) Percent overshoot values. (f) Percent steady state
error values.

4. Conclusions

The work presented in this paper aimed to develop a viable bi-pennate TCA-based ac-
tuation system, embedded in a woven mesh for use in wearable mechatronic rehabilitation
devices. This was done by determining the isotonic stroke and isometric force production
capabilities of the actuator, its contractive actuation period, its electrical-to-mechanical
power conversion efficiency, and developing models to predict the transient stroke and
force response of the system. From these created models, force control schemes were
designed and tested to determine to what degree the actuator could be controlled, and
which of the control schemes was best suited for the actuator’s intended purpose.

The results of the experiments found that the stroke and force production of the
actuators scaled linearly with the number of activated TCAs, achieving a maximum force
of 11.28 N, a maximum stroke of 12.23%, and a maximum efficiency of 1.8%, similar to
results found in the literature. This efficiency was found to increase with actuation speed,
meaning that there could be improvements with the use of more power. The linearity of its
production indicates that the actuation module can be scaled to meet different stroke and
force requirements. Different instances of the actuator had little variance between them,
indicating repeatable, reliable actuation with different modules.

After developing temperature–force relationships for each activation level of the
actuator, PID and 2 DOF force controllers were developed and tuned to minimize the
overshoot and steady state error of a step force response. These operated exclusively
on force feedback, as the goal was to minimize the complexity and cost of the system,
which would impose barriers to adoption. The 2 DOF controller was found to be the
more conservative of the two, with a maximum overshoot of 2.6% and a maximum steady
state error of 0.94%. This was compared to the PID controller, which had a maximum
overshoot of 6.2% and a maximum steady state error of 2.58%. This indicates that the 2
DOF controller would be preferred for therapeutic devices, as overshoot and steady state
error represent possibilities of injuring the user. The 2 DOF controller was able to achieve a
minimum contractive period of 2.60 s, only slightly higher than the uncontrolled minimum
contraction period found of 2.43 s, but statistically insignificant from the baseline PID
controller.

Despite these desirable results, there were some shortcomings with the designed
actuation module. The efficiency was unable to be improved beyond other TCA implemen-
tations in the literature. As well, while the 2 DOF controller was able to minimize the error,
it was unable to eliminate it completely, likely due to a combination of PWM ripple and
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the use of linear modelling and control methods to control a non-linear system. Finally,
while the contraction speed could be improved through the addition of more power to the
system, the cooling times of the system were very high, and prevent rapid cyclic motion,
as would happen in regular therapeutic use. While many of these three limitations are
non-ideal, all of them can and should be addressed in future work. To overcome the first,
results indicated that increasing the power supply, in addition to increasing the contraction
speed of the actuator, also increased its efficiency. More power should be applied to see
to what degree this effect can increase its efficiency. More complex modes of modelling
and control should be investigated to control the system and eliminate the error present in
the system. Finally, a cooling system should be integrated with the design, to enable it to
have relaxation speeds as fast as its contraction speeds. Future work should also look into
other fabric materials, such as wool, which has shown to be a promising thermal regulating
material suitable for actuating purposes [33], and other fabric making processes, such as
knitting or crocheting, to see if the same performance can be obtained with alternative
fabric meshes, which could also have different heating and cooling characteristics.

While the presence of these limitations indicates that further work is required to
refine the design, the results show that the designed fabric actuator is a promising flexible
actuator for use in wearable mechatronic devices, scaling to meet different requirements
while being able to be accurately controlled in a timely manner with minimal additional
components. This, in combination with the actuator’s flexibility, ease of manufacture, and
low cost, make it an appealing possibility for inclusion in wearable devices. Although this
work demonstrates the actuation module’s potential, further work is required to refine it
before it can be incorporated in medical and commercial devices.
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