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Abstract

Artificial muscles provide a unique solution for wearable rehabilitation robots (WRRs) because
they are compliant, compact, and lightweight.-Twisted and coiled polymer actuators (TCPs)
are artificial muscles from thermally activated polymer fibres. They present high power density,
linearity, stress and strain compared to other attificial muscles. Nevertheless, as TCPs require
heat to start, their main barrier for widespreacﬁse in“WRRs are their slow reaction times and
the high temperatures they reach. Previous studieshave analysed different parameters, like fibre
material, fibre diameter, and various, cooling systems, to improve TCP frequency response and
working temperature. Nevertheless, the length of the actuator has not been explored as a
possible parameter to enhance the actuation performance in this regard.

This work focuses on studying the behaviour of TCPs with different lengths and how the
performance in frequency-response and temperature can be improved using the length as a
primary parameter, as they are critical for wearable robots. First, a characterisation of the TCPs
was performed. Then, a method to improve frequency response, based on offsets on long
actuators was implemented andvalidated using a chirp signal. The experimental results show
that the mechanical characteristics are similar regardless of the actuator’s length. They reached
a strain of 10 % with a power of 0.16 W/cm. However, the electrothermal properties changed
as the power needed,todncrease temperature was higher when the actuator was enlarged.
Therefore, an improvement in the required temperature was found, able to reduce the
temperatureswith the same frequency response. Regarding the technique to enhance the speed
of the actuator, it-was possible to increase the frequency by 0.0006 Hz for each mm applied as
an'offset. Hence, the frequency response for the same displacement was increased linearly as
the actuator was clongated.
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Introduction

People with a physical disability caused by conditions like cerebral palsy, stroke, muscular dystrophy, orrageing; face
reduced quality of life due to limited mobility and independence (1). The standard rehabilitation therapies,used to manage the
musculoskeletal system’s deterioration and improve or maintain physical ability, include physiotherapy (2).»These therapies
often involve intensive stretching and strengthening exercises facilitated by the physiotherapist to improve motor skills (3).
These interventions are often highly labour-intensive and challenging to perform (4).

During the last decade, wearable rehabilitation robots (WRRs) have gained popularity in rehabilitation (5). WRRs are
expected to improve the outcomes of rehabilitation therapies as they allow for mass practiece with reduced intervention of the
physiotherapists and help people during daily life activities (6). However, most current WRRssuse electric motors and rigid
links to actuate them and often have heavy and bulky designs that are difficult to wear.outside)clinical facilities safely (7).
Consequently, researchers started to develop soft wearable rehabilitation robots (SWRR) through the use of more compliant
elements such as artificial muscles (8) like shape memory alloys (1), dielectric elastomer (9), pneumatic (10), and twisted and
coiled polymer actuators (TCPs).

TCPs are artificial muscles fabricated by inserting a twist in precursor pelymer fibre while attaching a dead weight at the
end until it forms a coil structure, followed by heat treatment (11). To activate the TCPs is necessary to use an external source
of heat as they are made of plastic thread. One option is to utilise joule heating by applying an electric current through a
conductive heating element embedded into a TCP, such as metallic.wires (€:g., Nichrome wires). This method presents the
advantage of making the actuators electrically controllable (12, 13). In comparisen to other artificial muscles, TCPs stand out
due to their high power density (27 W/g), high stress (10 MPa), large strain (21%), and linear behaviour with low hysteresis
(14). Nevertheless, they suffer from low frequencies (< 1 Hz) and high temperatures (> 65 °C), all critical aspects for SWRR
(14-16).

For SWRR applications, there are biomechanical considerations,that need to be fulfilled, like torque/force, range of
motion/displacement, and velocity/frequency (17, 18). Due to their advantages, TCPs have gained attention in the SWRR area,
as they present high forces and strains. However, they still réquire improvements in their overall performance as it is still not
optimum for the SWRR applications. The main drawbacks,are the frequency response and the working temperature.

To overcome these drawbacks, researchers have investigated how different TCPs parameters and techniques impact the
actuators’ frequency response and working temperature to be used on SWRRs. Hiraoka et al. (19) used hard linear low-density
polyethene (LLDPE) fibres to improve the Operating, temperature. Haines et al. (20) demonstrated that the response time
depends on the fibre diameter. Yip et al. (21) used a closed-loop control strategy to improve the speed of the fibres during the
heating phase. Edmonds et al. (22) showed hown active cooling system can increase the maximum frequency where the TCPs
can work.

Even if length is one of the primary parameters to consider when designing an application, there is no literature exploring
the use of length to improve the.résponse timeand temperature of the TCPs. Therefore, this article explores how different
lengths impact the actuator’s temperature and response time behaviour. Furthermore, a new methodology is presented to
improve the TCP frequency response basedon the actuator’s length without using external cooling systems.

This work is divided into four parts; the first one, Section 2, aims to investigate the length impact on the TCPs behaviour by
using TCPs of three different\lengths (75, 180 and 295 mm) in isotonic contraction (i.e., the muscle contract generating a
displacement). The second part, Section 3, implements a methodology to improve the frequency response and manage the
operational temperature base ongsthe length of the actuator and a PID displacement control. Then, Section 4 discusses the
advantages of longer fibres in wearables rehabilitation robots. Finally, a conclusion is presented in section 5.

Actuator Characterisation

An isotonic’contraction test was applied to the TCPs to characterise the actuators and understand their properties in force,
strain, response timesand temperature, as they are the main requirements for SWRR.

2.1 Materialssand Methods

The TER. actuators to be analysed were fabricated similarly to the process described by Chossat et al. (23). 1.25 m Nylon
fishing line was used as the precursor fibre (Trilene Big Game fishing line 50 1b) with a diameter of 700 um. The nylon fibres

XXXX-XXXX/ XX/ XXXXXX 2 © xxxx IOP Publishing Ltd



Page3of 17 AUTHOR SUBMITTED MANUSCRIPT - SMS-114915.R1

oNOYTULT D WN =

aOuvuuuuuuuuundADdDDDIEDNDMNDIAEDNDMNDAEWWWWWWWWWWNNNDNNNDNNNDN=S S @92 Qa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

Journal XX (XXXX) XXXXXX Author et al

were twisted and coiled along with a 36 AWG (127 pm) Nickel-Chromium 80 (NiCr) wire (Fogslord). One side of the nylon
fibre was fixed at the end of the output shaft of a NEMA17 (T-Trees Technology) motor. The other end is on a slider weighing
800 g (=20 MPa). The NiCr wire was also suspended from the motor shaft but only straightened using a small weight of 1.6 g
(=1.2 MPa) and was left free to untwist. The fibres were twisted and coiled at a slow speed of 250 rpm (24 embedded
NiCr wire generated joule heating for the annealing phase. The annealing process involves applying five ¢ tive five-
minute-long periods with an annealing current of 240 mA each. Between every period, a cooling phase of 1 mi

a length of 75 mm, 165 mm, and 250 mm. Then the outcoming actuators were clamped with i
terminals, reducing the functional area by 10 mm as each electrical terminal required 5 mm to be cri
active lengths of the TCPs were 65 mm, 155 mm and 240 mm with resistance values of 25 Q, 5
meaning that all of them present a resistivity p =~ 0.38 Q/mm. The relation between length and re ce can be described with
a linear approximation:

R =0.38281 x L — 0.0305 (1)

where R is the resistance (in ohms), and L is the actuator’s length (in mm). '

]

Figure 1. T< a:tua OT'S nitial actuator, b) actuators of different sizes with spade electric terminals.

Three TCP actuators of each size were manufactured, following the mentioned method. All the samples fabricated for the
study were g a custom-made experimental test bench. The experimental setup consists of a displacement sensor (Sick

<
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Optex 0d80 15p850) connected to a current sensor (Texas Instruments INA269), an Arduino NANO connected to the computer,
and a transistor (Vishay Siliconix IRF540) to control the voltage coming from the power supply. The actuator was hanging
above the sensor, weighing 700 g. Furthermore, the temperature and the power to activate the TCP were measured using an
NTC thermistor (5K3A1, TE Connectivity) and an extra current sensor (Texas Instruments INA269).

A square signal of 150 s on and 150 s off was applied to obtain the strain and power relation. The 150 s was/chosen to give
enough time to the system to reach a stable condition. The experiment was repeated for different current leyvelsiranging, from
160 mA to 220 mA with increments of 20 mA. After applying the load (700 g), the actuator’s length was 75 mm, 180:mm and
295 mm. The loaded lengths were the ones used in the results section. Throughout the trial, the TCAemperatures, power
consumed, and the weight distance from the sensor were logged into a computer using an ArduinoWANO with asampling time
of 50 ms. This test was performed for every actuator of different sizes.

2.2 Results

After performing all of the trials for each different size, the resulting power, displacement, and temperature values were
obtained (Fig. 2). The power consumption was derived from the applied current and the resistance values of the different
actuators. When full power was applied to the actuators (1.2 W, 2.8 W and 4.5 W/ respeetively), the maximum achieved
displacements were 7.12 mm, 17.1 mm, and 28.9 mm for the 75 mm, 180 mm, and 295 mm, respectively. The maximum strain
of all the TCP of different sizes was = 10 % of the initial length. Regarding the temperature (Fig. 2g-i), the maximum average
temperatures obtained were 81.26 °C, 80.36 °C, and 76.83 °C for the 75 mm, 180 mm, and 295 mm TCP actuators, respectively.

Other interesting information that can be obtained from the data is the rise (7;-)'and fall () response times of the actuators.
This is the average time the actuator takes to reach 63% of a steady-state walue,givenrasstep input. For the 75 mm actuators,
7, = 17.98 s and 7y = 14.51 5. In the case of the 180 mm actuators, the 7, and Tp were 22.59 s and 16.10 s, respectively.
Finally, for the 295 mm actuators, the 7, and 7 were 23.58 s and 16.49 s.
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Figure 2 Power consumed by the actuators duringsthe isotonic contraction tests a) 75 mm, b) 180 mm, c) 295 mm.
Resultant contraction from the actuator during the isotonic contraction test d) 75 mm, e¢) 180 mm, f) 295 mm. Reached
temperatures from the actuator during the isotonic contraction test g) 75 mm, h) 180 mm, i) 295 mm.

The stroke and power levels were caleulated for each set of actuators. Then, a linear regression was applied to the mean
values of each set of actuators to determine allinear model. In Fig. 3a, the linear relation between the applied power in W and
the generated stroke can be seen. From this'relation, it is possible to observe that, independently of the length of the actuator,
the applied power will generate‘the'same amount of stroke. This relation can be represented as (R?=0.9708):

D= 6.1033'x P — 1.6426 2)

where D is the generated stroke in mm, and P is the required power in watts.

Furthermore, the idea'remains thatthe relationship between the stroke and the applied power is independent of the actuator
length. The TCP length normalised the stroke and the power during the experiments (Fig. 3b), and the following linear relation
was obtained (R?= 0.9821):

S = 75.2979 x NP — 2.6920 3)

In this case, S is the strain of the actuator, and NP is the normalised power (W/cm). The strain of the system is the relation
between the initial length (L) of the actuator and the generated stroke (AL) when activated, expressed in % as follows:
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Figure 3 Maximum displacement relation with respect to power, with overlaid linear regréssion, b) normalised to TCP
length relation.

Regarding the temperature, a linear trend was found between the temperature.and the applied normalised power (R? =
0.9624):

T =326.9759 x NP + 27.0464 S 5)

Where T is the temperature in °C and NP is the normalised power. Finally; a linear relation was found between temperature
and strain (R? = 0.9296):

S =0.2204 X T —8.2573 (6)

With the observed relation (equation 3), it is possible to, witness that independently of any unit of length, the strain stay the
same due to the asymmetric thermal expansion of polymer monofilaments (11). Nevertheless, when it comes to the thermal
properties, they will change with the length of'the actuator (25). The central values on the electrothermal relation (equation 7)
are dependent on the length (thermal resistance (R, ) and thermal capacitance (Cy,)) (Fig. 4a). The dependency on length could
be seen in equation 8 and equation 9 as it forms part of the surface area and volume; respectively.

A
dr oty (£) — T 7
Cn d(tt) Lpg - L~ Te) p(;\,)m ) @

Where Cy, is the thermal capacitanee, P is the applied power, R, is the thermal resistance, Ty, is the surface temperature of
the TCP and T,, the ambient témperature.

1 (8
Ay x (N4, X 0 X (T +Too) X (T2, +T3))

Ren

Ryn can be calculated using the surface area Ac,, the thermal convection coefficient h, the emissivity &y, the Stefan
Boltzmann’s constant o, and the temperatures generated by the TCP T, and the environmental temperature T,. Moreover
Aica can be calculated with:

Aoy = 2mrL + 2mr? | ©)




Page 7 of 17

oNOYTULT D WN =

53

Journal XX (XXXX) XXXXXX

Being the r the radius of the TCP cross sectional area and the actuator length L .

AUTHOR SUBMITTED MANUSCRIPT - SMS-114915.R1

Author et al

| Cp = pxcxv

[ 9) |

Finally, C,, is obtained multiplying the p density, the specific heat capacity ¢ and the volume of the sample .

It is possible to see the advantages of implementing long actuators into WRR. It is feasible to obtain the same stroke using
the same amount of power from a more extended actuator rather than a small actuator’s full stroke range and reduce the
generated temperature from the TCP actuator (Fig. 4 b-d) without increasing the time. The main disadyantage of theactuator’s
increases in length, is the Ry, decrease as the surface area increase (equation 8). The change in Ry, willicause an increase in
power consumption to generate the same temperature (equation 7). Nevertheless, the response time will remain similar:

| T= Cp xRy

| (10 |

where is possible to notice from equation 8 and equation 9 that the increased and decreased;values of Cyj, and R,; will change
in the same linear manner with the length of the actuator.
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Figure. 4 a) Simplified thermal model of the TCP, consisting of the thermal capacitance C;;, the thermal resistance Ry,
the TCP surfacestemperature Ty, and the ambient temperature Te,. Temperature relations during the isotonic contraction
test. b) Temperature against the normalised power, and ¢) strain versus temperature. d) Generated displacement with the

three different lengths against the temperature.

Displacement Control Implementation
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In the previous section, the characterisation of the TCP actuators was performed. Furthermore, the advantage of a reduction
in temperature using longer actuators was found. However, one of the main disadvantages of TCPs is the low frequencies at
which they can work (<1 Hz). A strategy to increase the response time could be to briefly apply a pulsed signal with high power
peaks (12, 26). However, the continuation of a high-power pulse will produce an overheating of the actuator, causing it to break
or burn out (27). Hence, a control strategy should be applied to avoid overheating the actuator and work under safety. actuation
ranges. However, this strategy can only be used during the rising time but not during the falling time;ras TCPs.are
unidirectionally actuated. A popular approach to reducing the response time during the falling time is to implement a cooling
system, decreasing the overall response time, with the constraint of requiring external equipment like pumps.or fans (21, 22).

This section investigates a method to improve the actuation speed but using long actuators. From the isotonic.test in the
previous section, it could be seen that length impacts the actuation temperature, as it is possible to obtain a more significant
displacement with a lower temperature. Furthermore, Cho et al. (28) show that the falling time in the temperature of the TCPs
depends on how different the final temperature is from the starting temperature. Moreover, Tang etal. (29) proposed to constrain
the range of the activation to improve the speed of a crawling robot. Considering the previous'conceptsya method combining
both approaches is presented and analysed on how the actuator length could benefit from'them andincrease the frequency
without needing an external cooling system. The technique consists of actuating a specific displacement using different
displacement offsets on the actuators. As the actuator lengthens is possible to add more offsets, which'will change the actuation
range in temperatures, increasing the actuation speed as the cooling time is reduced.

3.1 Materials and Methods

After characterising, in section 2, the strain production of the actuator in an open-loop system, a closed-loop control scheme
to operate the displacement output of the actuator is provided. Two different experiments were performed to test the response
of the controlled system. First, a step signal was used to analyse the response time while heating, and later a chirp signal was
used to analyse the system’s frequency response on the proposed control'method based on the actuator length.

The test bench was the same as in the characterisation experimentsi(section 2), with two differences. The sensor reading the
current across the TCP was removed due to the higher power values needed toractivate the actuator when the PID controller is
on. Instead of using the MOSFET as a digital on-off switch, a powerpulse width modulation (PWM) strategy was implemented
(100 ms cycle time). It allows the usage of high-power signals controlled, by the microcontroller. The power was constrained
to 0.86 W/cm, equal to 6.5 W, 16.4 W, and 25.5 W for the 75, mm;,190 mm and 295 mm, respectively. The maximum applied
power was chosen due to limitations with the power supply at full power.

3.2 System Identification

The controller was constructed based on,the stroke characterisation experiment results, which generated a time-domain
relationship between stroke output and the imput,power. The input signal was the maximum applied power for each actuator
size, and the output signal was the generated displacement. Later, the curves’ pairs were input into the System Identification
Toolbox in MATLAB, which derived the power—displacement transfer functions Gpp (s) for each actuator length (Table 1).
The proposed model by Yip et al. (21) was.used as the initial guess to find the order of the transfer function. In this work, the
model was divided into a temperature-force relationya power-force relation, and a force-movement relation.

First, a temperature-force relation was modelled as a spring and damper model with the addition of a linear temperature-
dependent term:

f(®)=k (e =x )+ bx + c(T(t) — Ty) (11)
Where f is the force of the system, Kk is the spring constant, b is the damping coefficient, ¢ is the thermal constant, x is the

position, X is the initial pesition'and x4ds the speed.
When the wires are/held in isometric tension, the force can be modelled by:

f(@®) =c(T®)—To) (12)
To obtain the power-force relation, equation 12 is combined with the thermoelectric model of the actuators (equation 7):

F(s) c (13)
P(s)

1
Cens +5—
th Rth
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Then to obtain the force-displacement relation can be modelled as a second-order mass-spring-damper system:

d’x  dx (14)
f = mﬁ+ba+k(x—x0)

That will result in the following transfer function:

X(s) 1 (15)
F(s) ms2+bs+k

Finally, combining equation 13 and equation 15, a third-order system of the following form is‘obtained:

X(s) A (26)
P(s) Bs3+Cs2+Ds+E

~
A, B, C, D, and E are values derived from the model constants.

The initial estimation of the system was a third-order transfer function with no zéres. However, it was noticed that adding a
zero increased the system’s accuracy (Table 1). Hence the used models were those with one zero.

Table 1. Frequency domain transfer functions for the power—stroke relationships Gpp(s) with one or non-zero for each
actuator size

Actuator Grpp (no zero) Accuracy Grpp (1 zero) Accuracy
size (mm)
75 0.2815 94.8% 12,5947 s +3.119 96.47%
s3+4.295s2 +1.232 s + 0.4748 s3 +55.48 52 + 13.73 5 + 0.5228
180 0.0003572 93.82% 1.326 s+ 0.1758 98.98%
s34 0.162 5% + 0.0061 s + 5.77¢~5 §3+ 7.25s%2 + 0.8503 s + 0.02774
295 0.0003575 97.85% 14.53 s + 2.132 98.93%
s34+ 0.1514 s% 4+ 0.00643 s + 5.55¢~5 s34+ 89.27 5?2 4+ 11.24 s 4+ 0.3366

3.3 Control strategy

When using the transfer functions, a proportional-integral-derivative (PID) controller was tuned using the Control system
toolbox in MATLAB. Then the closed loop with the PID'eontroller system was simulated in MATLAB/Simulink. In particular,
special care was taken to minimise the overshoot, settling error of the controller, and the necessary power to activate the system,
as errors of that nature would result in af incorfect application of force to the user, which could cause harm.

Applying the maximum power, the speedto achieve the highest contraction (10 % of the initial length) was 7.5 s. However,
the values for a reaction time of 1 s.equivalent to'a frequency of 1 Hz were also investigated and applied in the chirp test. As
most activities of daily life (ADLs) frequencies are around 1 Hz (30, 31). According to Table 2, the PID values are similar for
all the different lengths. The values obtained for the 295 mm model were used, as this model was the best of the 3 cases
obtaining accuracies over 83% when fitting to the data.

Table 2. PID controllervalues

Actuator length (mm) Speed (s) KP KI KD
75 7.5 1.394 0.08267 0
180 7.5 1.309 0.07955 0
295 7.5 1.484 0.08365 0
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295 1 12.05 4.408 0

After the closed-loop controller was tuned, it was implemented on an Arduino NANO microcontroller. Two different tests
were performed. First, a step input test was applied to determine their performance in controlling the actuator, and then a chirp
test was used to test the bandwidth of the actuator.

3.4 Results
3.4.1 Step Response

The step response was applied to the full stroke (a strain of 10 %). Fig. Sa shows the position referenceéiand the output when
a step signal was applied for the different actuator sizes. It can be observed that the output follows the reference, but the system
presents an underdamped response. The time from 0 to 10 % of the initial length was lessithan, 10 seconds. Contraction time
can be minimised by changing the controller gains, but an aggressive control signal will increase the peak power required to
produce the change.

Nevertheless, the falling time was the same as the open-loop system and depended.on the convective air to cool down the
system. From Fig. 5c, it is possible to notice the difference between the required power to make a fast movement and the power
to maintain a steady state. In the case of the steady-state power, once the actuator,reaches a steady-state, the consumed power
is similar to the power required on the open-loop system (approx. 1.2 W, 2.43:W and\3.1W for the 75 mm, 180 mm and 295
mm, respectively). The consumed power was calculated as a function of the percentage of the duty cycle on the PWM. Fig. 5d
shows the percentage of the PWM duty cycle, and it can be noticed that the PWM values are similar for all the sizes. Finally,
Fig. 5b shows the reached temperatures during the experiments. They-were comparable to those obtained during the open-loop
experiments, with the difference of a faster temperature increase at the beginning due to the higher applied energy. Interestingly,
in any case, the temperature surpassed 70°C-80°C, which were the maximum, temperatures before the actuator failed.
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Figure 5 a) Step response and b) temperature from different sizes of TCPs when the PID controller strategy is applied.
PWM control signal expressed c¢) in consumed power and d) in % of the PWM.

3.4.2 Chirp response
The benchmarking for the actuator speed,using the proposed variable length method was performed by applying a linear
chirp signal (32). It consists of a sinusoidal sweep. signal that varies its frequency over time, which can be expressed as follow:

c
. Ak C 2 a7n
chirp(t) = Asin [21‘[ (2 te+ fot)]
N
Were f; is the final frequency, A is the amplitude of the sinewave, and c is the chirp rate, described by:
< fe= 1o (18)
T

where f, is the final frequency, and T isithe time it takes to sweep from f; to f..

The sinewave amplitude was 6 mm for testing, making the base displacement 1 mm - 7 mm. This was chosen to use the
whole stroke of the 75 mm actuator:'From here, offsets of 60 mm were applied to the longer actuators. Hence, in the case of
the 180 mm, experiments with a maximum displacement of 7, 13 and 19 mm were performed. Moreover, with the 290 mm, a
maximum displacement of 25 mm was added.

The initial chitp frequency was 0.01 Hz. This frequency was chosen as it is lower than 0.05 Hz, which is the inverse of the
response time of the actuator (tq= 23.58 s). Furthermore, the final frequency is equal to 0.1 Hz, near the maximum frequency
of the controller speed of 7.5 seconds (0.133 Hz). In the case of the final frequency, it was chosen to be lower than the inverse
of the maximum rate with the controller, as the controller only works in the contraction direction, making it slow when cooling
down. The maximum working frequency for each TCP was established when the actuator lost -3dB in amplitude (when the
active actuatonrange was reduced by half) in the frequency analysis of the output signal.
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As with the previous experiments, the behaviour of the lower range in the 180 mm and 290 mm actuators was similar to
using a 75 mm (except the maximum temperature), and the same applies to the 180 mm to with the 290 mm, meaning that the
linear behaviour of different lengths is still valid. Due to these similarities, Fig. 6 presents only the result of the 290 mm TCP
at various levels.
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Figure. 6 a) Position response with chirpssignal reference (0.01-0.1 Hz) to different offsets on the 295 mm TCP with
a 7.5 s response time PID controller. b) Magnitude Bode plot for the 295 mm with different offsets. C) Power
consumption corresponds to the,chirp testrespense (0.01-0.1 Hz). d) Reached temperatures during the chirp test.

After analysing the data of the’190 mm, TCP, there was a slight difference between the 120 and 180 mm offset, and neither
reached the -3 dB in amplitude (Fig. 6a-b). Furthermore, during the test, the maximum power was only applied at the beginning
of the test to reach the offset. After that, the used power was less than half of the maximum power (Fig. 6¢). Hence, a new chirp
was used, but this time with @ maximum frequency of 1 Hz, PID values were changed to those that allowed the actuator for 1 s
reaction times (Table 2). In the case of the temperature, as the speed increases, it reaches temperatures as if a step signal were
applied. This is becausethe system can’t respond to those frequencies and starts behaving like a DC voltage signal (Fig. 6d).

Table 3 showsthe maximum temperature reached during the test, the frequency at -3dB, and the peak power consumption
at this frequency for each actuator and offset.

Table 3¢ Maximum values of the 1 Hz Chirp Test

Actuator (offset) Maximum temperature (°C) Frequency at -3dB Power at -3dB
(Hz) (W)

12
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75 mm 72.74 0.051 4.0
180 mm 45.5 0.046 4.16
180 mm (60 mm) 60.35 0.09 7.63
180 mm (120 mm) 71.4 0.127 10.15
9 295 mm 40.03 0.043 4.27
10 295 mm (60 mm) 52.17 0.082 7.78
295 mm (120 mm) 63.23 0.11 10.19
13 295 mm (180 mm) 71.07 0.15 13.64

oNOYTULT D WN =

15 After increasing the chirp frequency and the PID controller, the difference between 120 and-180 mm,offset increases. Both
reach the mark of -3dB in amplitude at different frequencies, 0.11 and 0.15 Hz, respectively (Fig..7a-b). It is possible to
appreciate how the response time of the actuator change as the offset is increased in both time (Fig. 7a) and frequency domains
(Fig. 7b). In this case, as the speed increases, the maximum power starts to be used during the activation time to achieve the
actuation at the high frequencies (1 Hz). Nevertheless, during relaxation times, the cooling process is slow. This slow cooling
process is what sets the frequency. The temperature was not pictured for the 1 s PID. as the temperature tends to be a constant
similar to that achieved during the step test.
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d)
rence (0.01-1 Hz) to different offsets on the 295 mm TCP witha 1 s
or the 295 mm with different offsets. ¢) Power consumption for the

(16)

For every mm increased as a 3 £ 0.0006 Hz is obtained. In the proposed example, the initial frequency of the 6
mm displacement was 0.05 t improved to 0.15 Hz with the 295 mm actuator (approximately three times faster). The
change in the frequency is du isplacement range used. The relation is independently of the length of the actuator, it can

nm and 295 mm actuator are similar for the first two offsets. Furthermore, the maximum
temperature was almo aster test on the 295 mm than in the case of the 75 mm, providing an advantage as it

is possible to reduce
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From the result of the characterisation test, the length does not affect the maximum stroke that an actuator can generate, as
all the different sizes presented a strain of = 10% of the initial length. Furthermore, the mechanical properties are maintained,
and a linear relationship was found between the applied power and the achieved stroke.

Another advantage is the temperature reduction to generate a particular stroke as the actuator length4ineteases. This
advantage is a crucial design feature for SWRR using thermally activated actuators, as the temperature for the/pain, threshold
of humans is 44 °C at the dermal/epidermal interface of the skin (16). Meanwhile, if the actuator is activated atits,full range; it
can reach a temperature above 70° C (Fig. 4b).

For example, in the case of a wrist SWRR, which requires a range of motion (ROM) of 40° extension and 38° flexion during
activities of daily life (ADLs), a stroke of = 23 mm is needed (22). From the used actuators, the most similar to'get this length
with the maximum stroke will be 180 mm; at its maximum stroke = 18 mm, the temperature is ~ 82°, In contrast, if the 295
mm actuator is used to obtain the same displacement, the temperature will be =~ 62°. And it can be reducedimore if a longer
actuator were to be used. Furthermore, space should not be a constraint. Like shape memory alloys (33), TCP actuators could
be wrapped around pulleys (16, 34) to utilise longer muscle lengths allowing larger strokes.

Regarding the speed of the actuators, during open-loop activation, there is no difference betweensthe different lengths of
actuators as the time response is similar, independently of the length. In the case of the fabricated actuators, it was around 20
s. Nevertheless, reaching high contraction speeds independently of the length is possible with-a eotrect closed-loop control
strategy and high-power values. Furthermore, as the electromechanical model is similar forall the lengths, using the same PID
controller is possible.

As noticed from previous research (21, 22), the problem with the TCP actuators is the cooling time to recover the initial
length, which is found during the isotonic contraction tests. The typical method to improve the speed is to reduce the TCP
diameter with the disadvantage of reducing the force or using a cooling system thatwill increase the system’s complexity. In
this work, a different strategy is proposed for single TCP actuators. Theproposed approach uses actuators to produce more
significant contractions than the required ones. It is possible to provide offsets and use different activation regions to improve
the closed-loop bandwidth for the whole movement and not only the.contraction (13). Using offsets equal to the required
contraction, it was found that the base bandwidth increases lineatly by 0.000Q Hz. In the case of the used actuators, the
bandwidth improves from 0.051 Hz to 0.15 Hz without requiring ‘any external cooling system and keeping the output force.
However, if speed is the main objective, it could use thinnér, TCP actuators. For instance, if an offset of 1 m is used, the final
frequency will be 0.6477 Hz. This frequency improvement could be useful for physical rehabilitation therapy and low frequency
ADLs, as the minimum frequency for these activities is 0.5 Hz\(26, 35).

Considering that contraction speeds depend on the controllerand the applied power, another option to improve the system’s
speed is using agonist and antagonist fibres that allow the system to actuate in two different directions. Their main disadvantage
is that they accumulate heat, preventing the actuators’ recovery and making them unable to finish the whole pattern after three
cycles (1). The use of long actuators could also benefit this structure. It will be possible to obtain the same displacement as with
a smaller actuator but with the advantage of reducing the temperature. It will be harder to saturate the actuators, and it will be
possible to go for higher frequencies. Moreover; as noticed from both the isotonic and the closed-loop controllers’ experiments,
the consumed power is related to the produced stroke rather than the length of the actuator, so in theory, the power consumption
will not increase if the activation frequencies.are.the same. Nevertheless, research on the variable stiffness actuator and stiffness
control algorithm is missing to implement a say§em of this characteristic.

Conclusion

The work in this paper presents the study,on the usage of longer TCP actuators to improve the frequency and temperature
characteristics of the TCP actuators, where it was found that the strain is independent of the length. However, electrothermal
properties change with thedength. As a result, the activation temperature to obtain displacement can be reduced with longer
actuators. Furthermore, a-new strategy to increase TCP actuators’ speed without external cooling systems is presented. The
model takes into consideration the advantages of long actuator fibres. This was done by estimating an electromechanical system
model through an isotonic contraction test. The model was invariant on the length, meaning that the actuators behave similarly
independently of thewsize. Then.a PID controller was implemented to control the displacement of the actuator, in the case of the
contraction is dgpendent on the applied power. However, it was found that the cooling time can also be improved by varying
the activation section of the used actuator, so having long actuators can improve linear movement by increasing its length.
Furthermore; the temperature generated by the TCP fibres is reduced by increasing length.

Data availability
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The datasets generated during and/or analysed during the current study are available from the corresponding author upon
reasonable request.
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