


Due to the slightly better performance and the fact that Sample 4.1B was much more
comfortable to weave, I decided to move forward with using this sample to produce the

rest of my textile samples.

4.3. Prototype 3

To build Prototype 3, I used the coils from Batch 4 to weave four more samples of the
contracting textile, resulting in five samples of the active textile in total (Samples 4.1C-
4.5C). I created five separate textile samples instead of one active panel because one big
panel would require a power source with a very high output. Separating the active textile

into five samples allowed for the conductive yarn to be in five shorter pieces than it

Figure 10. Different views of Prototype 3 on a mannequin

would have been necessary for one large active panel, which means that the resistance of
each sample was much lower than the resistance of one large panel would be. This made
it easier to provide electricity to the samples because I could use separate power sources
with a lower output, rather than one power source with a very high output. Then, I
repurposed Prototype 1 by removing the straps from the right side of the waist area and
sewing on the samples in their stead. I used a size 8 (36 in European standards)
mannequin to adjust the samples’ position before sewing them on (Figure 11). Later, I
used the same mannequin to perform the tests. There were two phases in the testing of
Prototype 3, where I measured its contraction ability by measuring the length of the
samples and the distance between the two edges of the fabric at the bottom edge of the

samples using a tailor’s measuring tape.
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During the first phase, I used a laboratory power source with a maximum output of

30V and SA (Power Source 1) and connected all of the samples to it at the same time.

Even though I set the power source to the maximum output, the values of power supplied

to each sample reached only 3V with a current of 5.228A (Zesr I in Table 13). This

maximum output was caused by the fact that when five separate circuits are connected to

one power source, the current will be split into five, thereby lowering the voltage in each

circuit. For this reason, I decided to move forward with the testing but to connect the

samples to electricity one by one (7est 2 in Table 13).

Room temperature

Length of sample

Distance between

Batch.Sample Temperature [°C] [mm] fabric edges [mm]

41C 20 130 45
42C 20 115 40
4.3C 20 120 60
4.4C 20 135 81
45C 20 125 72

Test 1
41C 52 120 45
42C 54 108 40
4.3C 52 115 57
4.4C 52 135 80
45C 43 125 72

Test 2 (each sample heated individually)
41C 120 100 35
42C 120 118 45
4.3C 120 100 55
4.4C 120 127 78
45C 120 113 65

Table 13. First stage contraction test results of Prototype 3.

To prepare for the second phase of the testing, I wrapped the mannequin in a towel

and another layer of soft fabric to reduce its rigidity, which is much higher than that of a

human body. Additionally, I secured the edges of the fabric located underneath each

sample to the samples with thread to avoid the samples contracting without moving the

fabric. I obtained an additional power source with a maximum output of 27.5V and 3A

(Power Source 2). I performed two tests with Samples 4.1C, 4.2C, and 4.3C connected to




Power Source 1 and Samples 4.4C and 4.5C connected to Power Source 2 (7est 3 in Table
14). This amount of electricity, however, was still not enough to heat all the samples to
120°C. Due to this, I obtained another laboratory power source with the same maximum
output as the first one: 30V and 5A (Power Source 3). Then I connected Sample 4.1C to
Power Source 2, Samples 4.2C and 4.3C to Power Source 3, and Samples 4.4C and 4.5C
to Power Source 1. Before executing Zest 4, I adjusted the output of each power supply so
that the samples reached the temperature of 120°C in a similar timespan. However,
Sample 4.5C only reached the temperature of 120°C. After that, I readjusted the
connection between the samples and the power sources to hopefully achieve a more
uniform time of heating. Additionally, I changed the markers for my measurements for
better consistency and noted down the new values. I then started the process of Test 5. 1
finally managed to adjust the outputs of the power sources so that the temperature of the
samples reached 120°C after a similar time and would not increase much further. Then, I

repeated the test two more times (7ests 6 and 7 in Table 14) to confirm the results.

Room temperature
Distance
Temperature Voltage Current Length of | between
Batch.Sample °C] V] [A] sample edges of
[mm] the fabric
[mm]
41C 20 0.0 0.000 135 60
4.2C 20 0.0 0.000 125 53
4.3C 20 0.0 0.000 128 74
4.4C 20 0.0 0.000 150 100
45C 20 0.0 0.000 125 77
Test 3
41C 119 116 55
4.2C 107 43 5.225 108 47
43C 101 121 70
4.4C 89 145 97
3.7 3.140
45C 81 120 75
Test 4
41C 120 3.5 2.700 116 55
4.2C 120 105 48
45 3.200
4.3C 120 120 66
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44C 120 143 95
45C 110 >3 3700 115 70
Room temperature (after adjusting the markers)
41C 120 0.0 0.000 128 60
42C 120 0.0 0.000 120 55
43C 120 0.0 0.000 130 75
44C 120 0.0 0000 150 100
45C 120 0.0 0.000 138 85
Test 5
41C 120 3.9 2.160 115 54
42C 120 106 45
43C 120 4.8 3410 116 65
44C 113 136 92
45C 120 26 3824 113 75
Test 6
41C 120 3.9 - 116 54
42C 120 45 - 106 45
43C 120 45 - 116 65
44C 120 136 92
45C 120 >3 ) 113 75
Test 7
41C 120 3.9 - 115 55
42C 120 106 47
4.3C 120 49 ) 114 65
44C 120 135 92
45C 120 >3 ) 113 70

Table 14. Second stage contraction test results of Prototype 3

The last three tests provided similar results. The sample that caused the gap between
the two panels of fabric to decrease to only up to 6 mm was Sample 4.1C. The reason for
this small change might be that it was placed at the bust line of the rigid mannequin and
the fabric there was already more strained. Sample 4.3C and Sample 4.5C caused the gap
to close by over 10 mm each time, with Sample 4.3C reaching a 13 mm circumference
reduction during the first test, and Sample 4.5C reaching a 15 mm circumference
reduction during the last test. Overall, the samples successfully managed to cause a
change in the garment’s circumference each time. Three out of the five samples closed the

gap between the fabric panels by at least 10 mm, thus fulfilling the requirement of
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decreasing the garment’s circumference by between 10 mm and 20 mm established

during the testing of Prototype 1.
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5. Findings

The key findings in this section are presented in two subsections. Firstly, the findings
that validate the claims made in the literature that served as the background for the
applied research, namely the papers by Haines et al. (2014) and Maziz et al. (2017),
related to the construction of artificial muscles from commercially available nylon line
and weaving of those muscles. Secondly, the findings that answer the design questions of

this project.

5.1. Validation of background research on nylon line artificial
muscles

Firstly, the proceedings of this project confirmed that inexpensive, commercially
available nylon line can be used to produce artificial muscles that are able to contract and
expand multiple times (Sections 4.2.1. and 4.2.2.). The contraction depends on the
thickness of the nylon line used to create the muscle, the amount of twist inserted into the
line, and the method of coiling. Additionally, the amount of contraction depends on the
load applied to the muscle (Figure 12). When a load 1s applied to the muscle, but before
heating it, the coil will stretch out. Due to this, the amount of contraction increases as the
heavier load is applied, up to a point depending on the strength of the muscle. If the load
1s not too heavy for the muscle to contract to its minimum length when heated, the
percentage of contraction will be higher the greater the load is, due to the higher length of
the muscle before being heated (Figure 12 B). When the applied load is too high for the
muscle to contract to its minimum length when heated, the percentage of contraction will
start to decrease (Figure 12 C).

Secondly, the tests confirmed that the nylon muscles can be woven into an active
textile that will contract when heated (Section 4.2.3.). Incorporating the muscles into a
textile using a simple weave with the muscles serving as the warp and a passive yarn as
the weft did not prevent them from contracting. The same effect as with individual
muscles could be observed — the textile would stretch out proportionally to the applied
load before being heated and contract back to its minimum length when it reached the
temperature of 120°C. When the load was too heavy, the textile would lose its contraction
efficiency. Of course, the load that the textile was able to carry was higher than individual

muscles.
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room 120°C room 120°C

temp. temp. temp. 120°C

minimal
length

Figure 11. Relativity of contraction to the load applied. A Sample at room temperature and
120°C with no load applied. B Sample with not too heavy load applied. C Sample with a too
heavy load applied.

Thirdly, the tests confirmed that adding conductive yarn to the weft of the active
textile 1s a viable method of applying heat to the textile to activate it (Section 4.2.4.). Both
of the tested conductive yarns successfully distributed heat to the textile sample, causing
it to contract when attached to electricity. This method of distributing heat did not cause
the sample to burn or melt and could be used multiple times. Though my first attempts
were rushed, later I managed to calibrate the electricity output so that the samples would
reach the temperature of around 120°C and maintain it. Achieving a steady temperature
would be necessary to create a uniform feeling of compression for the wearer that could

last over time, without the textile being destroyed.

5.2. Key findings

Firstly, although conductive yarn can be used as a heating medium for the contracting
textile made with artificial muscles, I found that the contraction of this textile was slightly
less consistent than that of the contracting textile with a passive weft activated by using a
heat gun or an infrared heater (Section 4.2.4.). However, the decrease in consistency was
minimal. The samples contracted by a few millimetres less under heavier loads, but still
achieved a satisfactory amount of contraction. Interestingly, the speed of contraction was
slightly influenced by the density of the weft when the conductive yarn was added to the

weft as the heating agent. A looser weft requires a shorter piece of conductive yarn to be
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used (Figure 13), which decreases the resistance of the piece due to resistance being
directly proportional to length. A lower resistance translates into less energy being
required to heat the sample, which in turn means that the sample will heat up quicker than

a sample provided with the same amount of voltage and current but with a denser weft.

A

Figure 12. Relation between weft density and length of the weft yarn. Example
A, with a looser weft, requires a shorter piece of conductive yarn, therefore has
a lower resistance, than example B with a denser weft.

Secondly, I found that using a composite conductive yarn with a nylon core plated
with silver to create a muscle provided inconsistent and insufficient results (Sections
4.2.1. and 4.2.2.). Similarly to the coils made out of nylon line, it was possible to form a
coil using the composite conductive yarn and it retained its shape after being set in the
oven. However, during testing and even when the temperature did not change, the yarn
would barely contract, expand, or simply melt. Similarly, I found that creating a muscle
by twisting conductive yarn and nylon line together provided inconsistent results.

Finally, I found that a textile created by using nylon artificial muscles as the warp and
a mix of conductive yarn and passive cotton yarn as the weft has the potential to be
embedded into a garment to serve as an actuator for compression (Section 4.3.). Of
course, due to the activation temperature of 120°C, the textile is not suitable to be worn
by a person, which will be discussed further in Section 6. The performance of the textile
when embedded into a garment differs compared to when it is simply hung with a load
added. When the textile is hung, it only needs to produce enough force to be able to lift
the load attached to it, whereas when the textile is embedded into a garment and put on a

wearer (or mannequin in this case), it needs to produce force to pull the fabric against the
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resistance of the body, as well as the friction between the fabric and the wearer’s skin.
This was amplified when using a mannequin because it is much more rigid than the
human body and the canvas-like paper-based fabric it is covered with creates more
friction than human skin. Wrapping the mannequin with a soft fabric and a towel did
reduce the rigidity slightly but did not affect the friction factor. Nevertheless, the tests
have proved that this solution has the potential to be studied further, as they produced
positive results. The two fabric panels got closer to each other by up to 15 mm, thus
fulfilling the requirement of 10 mm to 20 mm established during the tests on Prototype 1.
This implies that the circumference of the garment decreased, compressing the

mannequin.
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6. Discussion

This project aimed to create a textile actuator suitable to be embedded into a garment
for compression with the motivation of creating a solution that would bring immediate
relief for anxiety. To achieve this aim, the project set out to determine the best smart
material to serve as the actuator and an activation method for this smart material that
would be suitable for a garment. The textile achieved as a result of this exploration
needed to be able to be embedded into a garment and decrease the garment’s

circumference to create compression.

6.1. Design problems and key findings

This subsection discusses the key findings that provided answers to the design

problems posed at the beginning of this project.

DP1. Which smart material is the most suitable to be used as an actuator
in a textile?

As the study by Haines et al. (2014) suggested, commercially available nylon line, an
inexpensive and easily obtainable material, can be used to produce artificial muscles that
are capable of lifting relatively heavy loads multiple times. The results achieved by the
exploration in this project were satisfactory, with the produced muscles being able to lift
the loads multiple times while providing consistent results. During this process, the
muscle made out of a 0.6 mm nylon fishing line with twist inserted in the Z direction and
then coiled on a 1 mm mandrel in the Z direction provided the best and most consistent
results. However, the properties of the muscle can be influenced by multiple factors;
therefore, this might not be the only type of muscle that can produce the desired effects.
As presented in the study by Haines et al. (2014) and in the initial coil exploration of this
project, the possibilities to be further explored are plenty. One such possibility is to
explore the muscles made by overtwisting the coil. According to the study by Haines et
al. (2014) and information shared by Maija Vaara, the muscles produced by overtwisting
the line will be able to contract under higher loads compared to the muscles coiled onto a
mandrel.

Additionally, the production of the muscles is a relatively simple process that may

even be achievable at home. The equipment for inserting twist into the lines used for this
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project was built by Maija Vaara, but the setup can be replicated quite easily, as its main
elements were a rail and a motor attached to it. The setting temperature of the nylon coils
1s achievable in a regular kitchen oven. This, combined with how easily obtainable the
nylon line 1s, opens the door for further exploration.

An 1ssue that first appeared at the stage of muscle exploration is that the muscles
sometimes initially relax when treated with heat, especially if load is added. This issue
has been a constant throughout the whole process of developing the textile and became
most apparent during the tests on a mannequin. Due to this behaviour, rather than looking
at the percentage of the tensile stroke, another method of determining the muscle’s
effectiveness was needed. Instead, the factor that determined the effectiveness of the
muscles’ contraction was whether they would contract to the same minimal length each
time, regardless of the load they were carrying.

The attempts to produce a muscle that would not require external heating but would
instead be activated by providing electricity straight to the muscle unfortunately brought
negative results. Neither the muscles made only using the composite conductive yarn nor
the muscles made using a combination of conductive yarns and nylon line produced
results warranting further exploration. The suspected reason behind the failure of the
muscle made out of a mix of conductive yarn and nylon line is that the two materials had
different thicknesses. Because they had different thicknesses but were twisted at the same
time and rate, one of them had either too much or not enough twist inserted. This issue
has been resolved by producing an artificial muscle using nylon line and a heater wire
(Semochkin, 2016). First, the coil needs to be created by twisting the nylon line, and only

then can a metal heating wire be wrapped around it.

DP2. What activation method is the most suitable for a textile actuator
that is to be embedded into a garment?

Both of the tested conductive yarns have successfully managed to heat the textile
actuator samples. When weaving a textile, multiple factors can be adjusted, which will
result in producing textiles with varying properties. For example, changing the serr will
influence the ease of contraction of the textile. Simply put, the sett of a woven textile is

the density of the warp and the weft.
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Figure 13. A balanced open sett (left), a balanced close sett (middle), an imbalanced
sett with a close weft used in the samples (right)

The coils used for the warp were significantly thicker than the yarn used for the weft,
causing the weave to be unbalanced, with a close sett in the weft, meaning that the weft
yarns were packed tightly compared to the density of the warp (Figure 14). This setup, in
theory, should prevent the coils from contracting as effectively. However, the weft was
intentionally created tight enough to form a stable textile structure, but still allow the
muscles to contract. Perhaps this is the reason behind the successful contraction of the
samples, even though the simple weave used to create them is a pattern with a naturally
close sett.

The influence of the sett was even more visible when the conductive yarn was added
to the weft. The density of the weft had a direct correlation to the time and amount of
power required for the sample to achieve the temperature of 120°C. The denser the weft,
the more power and time the sample needed to heat up.

Additionally, while the conductive yarn was able to provide heat to the textile, the
contraction achieved through this activation method was slightly less efficient than the
contraction achieved by using a heat gun or an infrared heater. The reason for this could
be that during the process of weaving, friction is applied to the conductive yarn, which
could decrease the conductivity of some sections. Moreover, since the samples were
constructed manually and the weft included two yarns, there could have been
irregularities in the position of the two yarns against the warp coils. These irregularities
could be prevented by producing the textile using a machine or by further practice.
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DP3. Is a textile actuator able to achieve compression when embedded
into a garment?

The successful test performed on Prototype 3 indicated that the constructed textile
samples have the potential to be used as textile actuators in a garment to achieve
compression. There are multiple other possibilities for creating a textile actuator by
weaving nylon artificial muscles and conductive yarn. Apart from using a material with a
lower melting point or manipulating the positioning of the conductive yarn in the weft,
the contraction could be influenced by the structure of the weave. However, it is certain
that this solution has the potential to be embedded into a garment. The project achieved
the goals of creating a more seamless connection than when using SMA actuators (Foo et
al., 2018, 2019; Foo, 2018) and a lighter structure than when using a pneumatic solution
for compression. Prototype 3 has almost fulfilled the required change in the garment’s
circumference that was established using Prototype 1. All of the samples have contracted
by more than 10 mm during the testing on the mannequin, but only two of them have
reliably caused the gap between the edges of the fabric to reduce by over 10 mm. As for
the force required to achieve compression that was established using Prototype 1, it was
impossible to measure it during the tests on the mannequin. However, relying on
calculations, only one more sample of the textile actuator would be necessary to achieve

the desired force of 13N.

DP. How smart textile materials can be used as constricting elements in a
compression garment for anxiety relief?

The samples woven using the nylon artificial muscles as the warp and a mix of
passive yarn and conductive yarn as the weft, where the conductive yarn served as a
heating medium, have successfully performed as textile actuators. When combined into a
textile, the muscles did not lose their ability to contract, and the efficiency of their
contraction did not decrease. The textile was able to lift the load applied to it multiple
times when hung. When embedded into a garment, it was able to change the garment’s
circumference even on a rigid mannequin.

The benefit of using compression as an anxiety-relief method 1s that the mechanism
behind it is not related to the cause of anxiety. This means that a compression garment
would bring relief regardless of the cause of the feelings of anxiety. The only exception

that comes to mind is anxiety related to claustrophobia or being constrained. However,
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achieving compression is not the only factor that qualifies nylon artificial muscles as
suitable for use in a compression garment for relieving anxiety. The nylon artificial
muscles have the potential to be used as actuators because they can be seamlessly
combined into a textile while keeping their contracting properties. The textile created
using the muscles can be embedded into a garment quite discreetly, though it would
potentially be covered by an msulation layer due to the heat required for activation. As for
the force required to achieve enough compression to induce anxiety-relief effects, the
amount of force created by the muscles can be easily manipulated by increasing or
decreasing the number of muscles in the textile. The responsiveness of the textile also
seems suitable for anxiety relief. As reported by Foo et al. (2019), the compression should
not be too rapid, and the nylon muscles only take a few minutes to reach the full
activation temperature. However, to achieve this temperature (120°C), a considerable
amount of power 1s required. As discussed earlier, this can be manipulated by the density
of the weft, but the current iteration of the textile would need to be connected to a source
more powerful than a regular, commercially available battery. For example, the AA
battery typically has a power output of 1.5V and 2A, while the textile actuators used in
Prototype 3 required around 3V and 5A each to heat to 120°C. Additionally, the
temperature required to achieve the compression 1s too high to be worn on the body. As
reported in the study by Foo et al. (2019), discomfort due to heat was something the
participants perceived as a problem. If the garment creates discomfort rather than
comfort, it cannot be viably used for anxiety relief.

Textile actuators made using nylon artificial muscles and conductive yarn have the
advantage of being visually unobtrusive and discreet. They are able to blend into the
structure of a garment more seamlessly than, for example, SMA actuators. Due to the
textile-like properties of the actuators and the fact that they don’t substantially increase
their size to achieve compression, they have the potential to be more comfortable
compared to pneumatic solutions. However, there are still various technical requirements
that would need to be adressed before the artificial-muscle-based textile actuators could

be used in a compression garment for anxiety relief.
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6.2. Limitations and future work

The most apparent limitation of using nylon artificial muscles is their activation
temperature, which 1s 120°C. An element that heats up to such a high temperature cannot
be worn on the body, even if it does not cause the garment to burn. It is commonly said
that the skin starts to burn, and pain can be felt at 60°C, but a recent study on the topic
suggests that pain can be felt starting at 47°C (Martin & Falder, 2017). This means that
the activation temperature of the artificial muscle would have to be lower than that to be
worn directly on the skin and not cause discomfort. Providing an insulation layer would
also reduce the feeling of heat to an extent, although with the activation temperature of
nylon being 120°C, it most likely still would not be enough.

Another limitation of the textile actuator developed in this project is the high power
output required for activation. As discussed before, the power output requirements can be
modified by changing the density of the weft. Further study would be required to
determine how sparse the weft can be made while still applying the heat evenly and
keeping the structure of the textile. A way to lower the power required to activate the
textile by reducing the resistance of the conductive yarn piece is to use a thicker passive
yarn, which would lower the density of the conductive yarn piece. Another possibility for
influencing the proportion and layout of the passive versus conductive yarn is to use two
shuttles to create two separate wefts. This allows for creating patterns and flexibility in
manipulating the placement of each yarn used as the weft. To avoid the heating being too
sparse and not reaching the whole length of the muscles equally, the passive yarn could be
made out of a material with high heat transfer capability. For example, among plant-based
materials, cotton was found to have higher heat transfer capabilities compared to bamboo
(Prakash & Ramakrishnan, 2013), while viscose was found to have even higher heat
transfer capabilities than cotton (Fayala et al., 2014). Moreover, if the activation
temperature of the muscles was lower, the amount of power required to heat the
conductive yarn would also decrease.

A material that could potentially substitute nylon for the creation of low-temperature
actuators 1s currently being developed by researchers at Aalto University. In a recent
study, they presented the results of their attempts to integrate starch into biopolyamide
composites (Baniasadi et al., 2023). One of the two resulting biocomposites had an
activation temperature of 70°C, which 1s significantly lower than that of nylon. A

discussion with the authors revealed that it is difficult to produce a line with an even
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diameter if the production is not industrialised, so the muscles produced at this stage
would be prone to breakage. Nevertheless, these biocomposites could potentially be used
to create the textile actuator for the compression garment in the future. Additionally,
biocomposites are a better choice from the perspective of sustainability. With the growing
interest in smart materials and eTextiles, an issue arises regarding the materials used, and
the assembly and disposal (Guridi et al., 2024). Using nylon line, a plastic, to create the
thermally activated artificial muscles is the perfect example because plastics and metals
are traditionally the most commonly used materials. On the other hand, sustainable
material alternatives for eTextiles are underexplored (Guridi et al., 2024). In their study,
Baniasadi et al. (2023) created the composites by incorporating starch, a biomass, into
polyamides, which significantly reduced the amount of CO; and greenhouse gases
emitted during the process, as well as the usage of fossil fuels. Moreover, as the
researchers report, some biopolyamides are derived from castor oil, reducing the need to
use fossil fuels even further (Baniasadi et al., 2023).

This project was the first step in creating a compression garment for anxiety by using
textile actuators made using artificial muscles. Plenty of work remains to be done to
achieve this goal. To continue with the development of the artificial muscle textile
actuators, more exploration should be done into different weaving patterns and their
influence on muscle contraction. Further research is also required into the change in the
circumference of the garment as well as the force required to create the feeling of
compression. The experimentation done for this project was only performed on one
person and served as a general guideline rather than a specific requirement proven to

apply to all potential users.
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7. Conclusion

This thesis aimed to develop a textile actuator suitable to be embedded into a garment.
The motivation was to create a smart compression garment that can be used as a self-
soothing method for anxiety that offers immediate relief. The paper explored the
mechanism behind the soothing effects of compression as well as various smart materials
that could potentially be used in the creation of the textile actuator. Based on that
research, artificial muscles were chosen as the material to be used in the applied part of
the exploration. Three prototypes were constructed, each serving different purposes. The
first prototype provided guidelines for the tensile stroke and force requirements of the
textile actuator. The second prototype served to explore nylon artificial muscles with
different properties, how to combine them into a textile actuator, and to find an activation
method that could be used i a garment. The third and final prototype served to test if the
textile actuator developed in the second prototype had the potential to be used for
compression in a garment. The results showed that such an actuator can be used in a
garment and fulfil the requirements for achieving compression. The textile actuators made
with artificial muscles are a suitable solution for a discreet compression garment for
anxiety. The actuation 1s quick, although not too rapid, and the visually unobtrusive
textile actuators can be seamlessly embedded into the garment structure. However, further
exploration is required into other materials that are suitable to be worn on the body, due to
the high activation temperature of nylon. The high activation temperature is tied to the
large amount of power required to create the compression, limiting the options for a
portable and easy-to-use power source. Moreover, the discomfort caused by the high
temperature of the actuators would most likely prevent the garment from bringing relief
from anxiety. Nevertheless, the project, meant as a first step to reaching the overall goal,

was successful and provided useful insights for future exploration.
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