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Abstract

Supercoiled Actuators with Liquid Metal Joule Heating

Erik Höijertz

Garments serve a number of purposes, from protection and physiological comfort to
social and cultural expressions. With the recent developments of active textiles,
sensors and actuators with shapes and sizes similar to textiles, the real multifunctional
garments have been realized. The functions of such garments can be regulating heat
by changing the spacing between the strands of yarn, giving massage or assisting lifting
movement by expanding and contracting one or more actuators. 
This project is a part of a main project targeting on reconfigurable hybrid wearables.
The main started from studying possible actuators that could have textile-like
properties, where pneumatic actuators were chosen. A model of different forces,
strains and braiding angles of a pneumatic actuator sometimes called a McKibben
muscle was made. It should be noted that such garments with pneumatic actuators to
be functional and applicable each segment needed an external pump. For local
actuation, miniaturized servo valves were needed. Hence, study on super coiled
actuators (SCAs) was initiated to investigate their potential of controlling the valves
for constricting the flow when needed. In this project different SCAs were developed
and their performances were recorded. To assist with heating of the SCAs Galinstan
and Gallium were used as electric resistors to provide for Joule heating.  A
contraction of over 19% and an efficiency of 0.29% were achieved but could most
likely be improved by optimizing the fabrication and testing process.
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Populärvetenskaplig sammanfattning
Vridna och lindade aktuatorer med flytande metall för resistiv uppvärmning -
miniatyriserade aktuatorer för pneumatisk kontroll av konfigurerbara kläder

Erik Höijertz

Multifunktionella kläder har blivit ett intressant ämne på senare tid. Med ny utveckling av aktiva
textiler och textil liknande aktuatorer har möjligheten att ha kläder som kan assistera med att t.ex.
lyfta, eller massera förverkligats. Svårigheterna i att ha multifunktionella kläder är att aktuatorerna
måste vara lätta, ha hög rörlighet, effektiva, starka och tillräckligt små för att inte påverka de
normala funktioner kläder har.

Målet med examensarbetet var att studera olika typer av aktuatorer som skulle kunna passa, de krav
som ställs multifunktionella kläder, för att sedan tillverka en eller flera prototyper som kunde
uppfylla dessa krav.

Efter att arbetet pågått ett tag togs beslutet att använda små pneumatiska aktuatorer dock, så insågs
det att små servoventiler skulle behövas för att öka funktionaliteten. Detta blev huvudsakliga
uppgiften i projektet. Om inte ventiler används behövs ett stort antal pneumatiska aktuatorer och
flera pumpar, som leder till att systemet blir tungt och ineffektivt. Ventilerna reglerar hur mycket och
var rörelsen sker. Dessa ventiler behöver ha liknande egenskaper som de pneumatiska aktuatorerna
för att systemet ska vara gynnsamt.

Arbetets huvudsakliga del var att arbeta med vridna och lindade aktuatorer (supercoiled på
engelska). En färdig aktuator kontraheras vid uppvärmning. Kontraktionen kommer från att radien av
varven ökade vid uppvärmning som leder till att aktuatorn kontraherades.

Tillverkningsprocessen består av två delar, vridningsprocessen och värmebehandlings processen.
Vridningsprocessen började med att vrida och rotera ena änden av en fiskelina av nylon samtidigt
som andra änden hålls fast med en vikt. Vid ett kritiskt antal rotationer började fiskelinan linda upp
sig i en spiral runt sin egen axel, trassla ihop sig eller gå sönder, beroende på vikten som användes.
Målet var att linan skulle linda upp sig. Efter att fiskelinan lindat upp sig låg varje varv i kontakt med
varandra och ingen kontraktion var möjlig. Då behövdes värmebehandlingsprocessen för att skapa
ett mellanrum mellan varven. Detta skedde genom att aktuatorn sattes i en varm miljö i ungefär 90
minuter. I denna process användes en högre vikt (ofta dubbelt så tung) än vid vridningsprocessen för
att få ett högre avstånd mellan varven. Efter värmebehandling var aktuatorerna klara att användas.

Testning av aktuatorerna skedde genom att värma upp aktuatorerna genom att sätta in aktuatorerna
i en varm miljö eller genom resistiv uppvärmning. För att värma aktuatorerna med resistivt
uppvärmning behövs att aktuatorerna är ledande (ström). Detta möjliggjordes genom att belägga
aktuatorerna med Galinstan innan vridningsprocessen började.

Resultatet testades med och utan Galinstan, och med extern värmningsprocess och resistiv
uppvärmning. Aktuatorer utan Galinstan kontraherades mer än de belagda med Galinstan.



ii

Aktuatorer som värmdes med extern uppvärmning kontraherades mer än aktuatorer värmda med
resistiv uppvärmning. Högsta kontraktionen som uppnådes var 19 %. Detta går troligtvis att öka med
optimerade tillverknings och testningsprocesser.

Möjlighet att använda vridna och lindade aktuatorer som ventiler för pneumatiska aktuatorer
testades inte på grund av tidsbrist. Resultaten visar att det skulle kunna vara möjligt men att
verkningsgraden är låg och systemet skulle behövas förbättras.

Examensarbete 30 hp på civilingenjörsprogrammet

Teknisk fysik med materialvetenskap

Uppsala universitet, oktober 2020
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Introduction
In recent years artificial muscles have been investigated for practical use such as active textiles [1],
soft robotics [2], haptics [3], wearable robotic suit [4], and many other applications [5]. A variety of
mechanical movements is necessary for these functions and to achieve these movements, multiple
motors or multiple gears would be required which would make them heavy and bulky [3]. To avoid
this problem, different materials and methods have been considered such as shape memory alloys
(SMAs), shape memory polymers (SMPs), hydraulic /pneumatic artificial muscles, electro-active
polymers (EAPs), etc. Different materials and methods have different advantages and disadvantages
for example SMAs can generate high forces but they suffer from low contraction , large hysteresis
and high cost [3], while pneumatic artificial muscles can also generate high forces in relation to its
weight, have high contraction, but require a pump [6]. Hydraulic artificial muscles have similar
properties as the pneumatic artificial muscles but they need a reservoir for the hydraulic medium,
which increases the system weight. Electro-active polymers (AEPs) can be divided into two
categories: electronic and ionic EAPs [7]. The electronic EAP actuators, sometimes called dielectric
elastomer actuators (DEAs), have a rapid response time and a high energy density of up to 0.2 MJ/m3

but require high electric fields [8]. The ionic EAPs require lower electric fields but produces also lower
forces than electric EAPs [7].Phase shift actuators such as paraffin actuators can deliver high forces
and large strokes. The paraffin actuators have low cost but require high energy density of 9 MJ/m3

and have low power efficiency and slow cooling sequence [9]. Hydraulically amplified self-healing
electrostatic (HASEL) actuators have a high strain and speed, and are self-healing which makes them
more reliable than some EAPs, that especially suffer from the risk of dielectric breakdown. Hasel
actuators have also a power density of 150 W/kg which is lower compared to other type of actuators
[10]. Recently, SCAs (also called twisted and coiled actuators) made from thread of nylon, polyester
or spandex has been investigated. The method of making them is simply by twisting the thread at
one end until coils form. SCAs are cheap to make, have a high contractile strain, high forces and a
high power density of up to 5300 W/kg [3,11]. They require heating that makes them less applicable,
at least for the time being, than some other actuator types. For heating of SCAs, Joule heating, hot air
flow and even hot water flow have been used[3,11–13].

A common type of artificial muscles is a McKibben muscle. It has been widely used in prosthetic arms
and robotics [14]. In short, a McKibben muscle is an elastic tube surrounded by an inelastic but
extensible double-helix braided outer sleeve. When enough gas or fluid is pressed into the McKibben
muscle the inner tube will expand making the outer sleeve also expanded radially, but contracted
lengthwise. Recently, thin McKibben muscles have been produced and braided similar to textiles
[15], which could be applicable for this project. However, when contracted the whole muscle is
contracted. By using servo valves you could divide a McKibben muscle to several small ones by
constricting the fluid. Then a desired length could be selected and better control is achieved. Servo
valves would also reduce the need for pumps and improve the accuracy of the system, since long
pneumatic actuators can have problems with oscillations [16].

For such valves, a high contractile strain and force is needed to be able to constrict the pneumatic
actuator. High power and energy density is also important to increase the efficiency and decrease the
weight of the system. Possible actuators that could be applicable for this are DEAs, paraffin
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actuators, HASEL actuators and SCAs. In this project SCAs were chosen due to the high power
density, high forces and strains the actuator can accomplish.

Theory

McKibben artificial muscles
A McKibben muscle requires an inner elastic tube or bladder usually made of rubber or latex, and an
extensible sleeve of inelastic material. When fluid is introduced to the muscle the volume increases,
causing the sleeve to expand in radial direction and contract in axial direction due to the sleeve
contracting when the radius increases. To calculate the contraction force ( ), let us first take a look
at the work put in by pressurizing an ideal muscle:

= ∫ − = (1)

where is the volume change of the tube, is the surface area of the inner tube, is the area
vector and is the inner surface displacement. The pressures 1, 0 and are the internal,
atmospheric and relative pressure, respectively [17]. The work output of the actuator is the length
change and the force:

= − (2)

where − is the axial contraction force and is the axial displacement. Energy conservation laws
say that the output work is equal to the input work:

= → = − (3)

and = − (4)

For a cylindrical tube the volume is:
= (5)

where is the radius and is the length of the muscle. A contraction function ( ) can be defined as
[14]:

( ) = (6)

and = (7)

Using equations (4), (5), (6) and (70), the following expression can be made:

= − = − = − (1 − ) ( ) (8)

Now consider a network of lines with m columns and n rows whose envelopment is a rectangle. This
rectangle with initial length , initial width and an initial angle of the lines, see Figure 1. When
the length of the system contracts from to the width increases to and the angle increases
from to . If this system is wrapped around a cylinder with initial length and initial radius . If
the length of a line wrapped one turn around a cylinder is constant during contraction or
elongation, the following relationships can be derived:
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=  ( )
 ( )

(9)

and =  ( )
 ( )

(10)

Figure 1: A representation of the geometry used in the model.

Using (6), (7), (9) and (10) an expression for the contraction function, ( ) can be constructed:
( ) =

 ( )
1 − ( )(1 − ) (11)

Putting (11) into (8) it results in the following equation:

( ) = − ( )
( ) (1 − ( )(1 − ) ) = ( ( )

( ) − ( )) (12)

Equation 12 is the force of an ideal cylindrical muscle (inner radius ri=r) and will be referred to

. Figure 2 shows how at at 10, 20, 30, 40 and 50 degrees.

Figure 2:The force of an ideal cylinder with an infinitely thin wall and a inelastic but extensible sleeve.
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divided by constants and parameters , and for different initial angles.

This is a simple model of an ideal cylinder actuator with a sleeve. Friction between the sleeve and the
wall and the cylinder wall thickness is not included. According to [14], an expression of the force

for an incompressible thin walled tube looks like:

= − (2ℎ
( ) )

( )( ( )( ) )
) (13)

where ℎ = and is the wall thickness of the cylinder. A comparison between and

is shown in Figure 3. As seen in Figure 2 and Figure 3, the force is higher for low strains and

angles and the biggest difference between and is at low strains.

Figure 3: A comparison between the force of a cylinder with a wall thickness and an ideal cylinder with infinitely thin wall.

SCAs
SCAs contract when twisted the polymer fiber form helices with an angle relative to the fiber
direction:

= (2 ) (14)

where is the amount of turns inserted per fiber length and is the radius of the fiber [11]. Both the
contraction of the helically configured polymer chains and fiber diameter expansion will contribute
to untwisting of the fiber and result in a contraction of the muscle. Nylon is ideal due to the negative
axial expansion and the positive radial expansion, both contribute to the untwisting of the fiber [11].
When thermally induced untwisting a change of length of the coiled fibers is generated. This is
because of to the torsional actuation and change of the helix angles from to , see Figure 4 . This
can be explained by the spring mechanics equation [11] :

= ( ´) ( ´)
´

− ( )  ( ) (15)
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Figure 4: A representation of the helix angle.

∆ is the induced fiber untwists per initial fiber length, and is the coil diameter before and after
untwisting. Assuming negligible change in fiber length an equation of a coil with turns and length

. Using the relationships sin( ) = and cos( ) = can an equation be written as [11]:

∆ = ∆ (16)

using equation 16 a change in length can be predicted from fiber untwisting during heating.

Method and Fabrication

Wrist force experiment
To get an idea of the necessary forces that an actuator needs to produce so that a person can feel a
contraction a simple experiment was performed. In this experiment an inelastic band of various sizes
was wrapped around the wrist (in similar way of using a belt) and the end was pulled with a
dynamometer. The difference in length was measured when the necessary force for a person to feel
a contraction was reached. This was done with and without a sleeve between the wrist and the band.
This experiment was performed on two people, called person 1 and 2. The bands used, 1 to 5, of the
widths of 1.0, 1.5, 3.0 and 5.8 cm, can respectively be seen in Figure 5.
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Figure 5: The different bands used for the force measurements. 1 and 2 have a width of 3.0 cm, 3 have a width of 1.5 cm, 4
have a width of 1.0 cm and 5 has a width of 5.8 cm.

SCAs
SCAs can be made of different materials for example nylon monofilament sewing thread,
polyethylene fishing thread, nylon monofilament fishing line and spandex fiber [3,11]. Some SCAs
were made of conductive yarn or sewing thread that can be actuated directly by Joule heating [2,12].

The basic fabrication process can be divided into two steps, twist insertion and heat treatment. For
twist insertion, the upper end of the thread was attached to a motor and the lower end was fixed to
a weight that can only move vertically to prevent rotation. When, the motor was switched on it
rotated creating twists in the thread. After a critical number of twists the thread/line started to snarl,
coil or break, depending on the weight attached to the thread at the lower end. A proper weight was
important to the fabrication of the actuator. Too light weight created snarls and too heavy weight
broke the thread in the twisting process [11]. After the thread started to coil the twisting was
continued until the entire thread is coiled up. The weight affected the diameters of the coils. With a
weight above the snarling limit the diameter of the coils differed on the coils, while a higher weight
produced coils with similar diameters. The weight had nothing to do with the distance between the
adjacent turns since these were always in contact with each other, until they were heat treated in
the next step, see Figure 6. Adjacent turns in contact made no contraction [11] but the material
shrinkage due to temperature drop. To enable contraction distance between adjacent turns had to
be created. Therefore, in the second step, a higher weight than that of the first step (i.e. twisting)
was applied during heat treatment. Heat treatment can be done in different ways, for example by
Joule heating if the thread is conductive or by having it in a heated environment [12]. The latter
method was used in this project.
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Figure 6: Two coils fabricated with different hanging weights. The upper coil was twisted with a weight close to the breaking
limit while the lower coil was twisted with a weight close to the snarling limit. Notice that a bit of snarling has occurred at
the right of the lower coil.

Setup
In this project, a setup, or apparatus, that integrated both functions for the twist insertion and heat
treatment was built. It consisted of an outer structure to stabilize during twist insertion, a plate with
the motor fixed on the top and two threaded rods to fix different parts in their positions by using
nuts, at the same time line up the motor, heat treatment chamber and to prevent rotation of the
weight during twist insertion. The heat treatment chamber consisted of two concrete plates, a Pyrex-
glass pipe, an outer protective plastic cylinder, a ruler to measure the change of the SCAs lengthwise
and two beams to hold the Joule heating wires, see Figure 7. The two beams were frame structures
made of copper wires structure to fit the concrete plates. An electric insulating paper-like material
from a hairdryer were tied to the copper wires and Kanthal Joule heating wires was placed and tied
to the insulating paper in such way that it did not touch the outer copper wire to prevent  short
circuiting, see Figure 8. The Kanthal wires were then connected to wires that went to the
relay/power supply.
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Figure 7: The setup used for twist insertion and heat treatment. 1 is the motor, 2 is the heat treatment chamber and 3 are
the moving restriction and weight.
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Figure 8: The first beams constructed with a zigzag pattern used for the setup.

However, the electric insulating paper acted as heat sinks, not good ones but enough to cool down
the Kanthal wires at the contact with the zigzag pattern, resulting in uneven and poor heating. For
that reason the zigzag wires were then replaced with the same Kanthal wires but in a spiral form to
reduce the contact area, at the same time to increase the heat effect (since their total length, thus
resistance, was increased), see Figure 9. This resulted in a more even temperature but the difference
in pitch of the wire still made it hotter for the parts with a short pitch and colder for parts with a
longer pitch. This problem causes an uneven heat treatment zones of the SCAs colder and it can
result in coil break due to the excessive heat at one zone and insufficient heat treatment at the other
zone see Figure 10. To get a more uniform temperature the spiral Kanthal wire were replaced with a
single straight heating rod that had a thicker Kanthal wire inside its protective stainless steel tube,
see Figure 11. Naturally, the straight rod was formed (bended) in such way that the two straight arms
constituted the even heating zone, while the lower part (i.e. the mid of its total length) made a turn
as far as possible from the coil being heat treated.

Figure 9: The second beams constructed with a spiral pattern wire used for the setup.
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Figure 10: One of the beams with Kanthal wire heated up with Joule heating at maximum power with the power supply in
the heat treatment chamber. Notice that the glow of the wire is only on the top part of the picture.

Figure 11: The final beams used in the setup with thicker Kanthal wires.

Since the heat treatment chamber dealt with temperatures over 200 °C, concrete plates and Pyrex-
glass were used.  The concrete plates were manufactured by casting in a 3D-printed mold. See Figure
12.
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Figure 12: The upper and lower concrete plate used in the setup. 1a and 1b are holes for copper beams, 2 is a hole for ruler
fixation, 3 is the hole for the SCA, 4 is a hole for temperature sensor (at the upper plate) and for power lines (at the lower
plate) and 5 are the ventilation holes. Note that all holes go through the concrete plate with an exception of 1 and 2. The
lower plate is identical to the upper plate, but mounted in mirrored position.

The temperature was controlled using an Arduino circuit, together with a relay to turn the Joule
heating on and off that was connected to a power supply, a thermocouple sensor and a MAX6675
sensor module, see Figure 13.
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Figure 13: The temperature control system: 1 is the Arduino Uno, 2 is the relay, 3 is the MAX6675 sensor module and 4 is
the thermocouple.

The thermocouple measured the temperature that induced a low voltage at the thermocouple
junction. Then the amplified voltage was sent to the Arduino that converted it into a temperature. If
the temperature was lower than the set temperature, the Arduino would send a signal to the relay to
shorten the circuit for power supply (closing the circuit). If the temperature was higher than the set
temperature, the relay opened the circuit. This on-off function was performed quickly resulting in a
stable temperature needed for long duration heat treatment in the chamber. Would the
temperature fluctuate too much a proportional-integrate-derivation (PID) controller for better
temperature control could be used. This would be a more complicated setup that would require
more parts. However, after testing the actual setup it showed that the temperature was easily to be
controlled by manually adjusting the voltage on the power supply so that the Arduino was only used
to measure the temperature. The temperature had a gradient where the warmer part is at the top of
the chamber, although a turn of the heating rod was positioned at the bottom of the chamber but
was considered good enough to perform basic experiments. To get a more even temperature a fan
could have been used for circulating the hot air in the chamber.

Snarling limit experiment
To better understand difference in properties of SCAs when different weights were used for twist
insertion, an experiment was designed for different diameters of nylon monofilament fishing line.
Multiple fishing lines were cut up with approximately the same length, and then attached to the DC
motor and weights were attached to the other end. The motor was turned on to start the rotation
and the results were written down (if/how much snarling occurred). The weight was then increased
successively to find the weights that produced SCAs without snarling. This was continued until the
fishing line broke during twist insertion. Images were taken with a USB-microscope of the SCAs with
weights close to the snarling limit and close to the breaking limit to see the different coil diameters.
None of the SCAs was heat treated for this experiment.
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Performance experiment
To investigate the performance of the actuators, five SCAs were created using the same parameters.
A 0.4 mm diameter monofilament fishing line was used for this experiment. This diameter was
chosen because it was more manageable than the thinner lines and thus could save time. Weight of
150 g was used for coiling. The weight was chosen to reduce the risk of breaking during heat
treatment. Voltage of 4.2 V was used for coiling to get similar coiling speeds since it has an effect on
the performance of the actuators [12]. Additionally, the voltage was fast enough to save time for
coiling and slow enough to be able to stop the motor if something happened. To release some stress
in the coils, they were spun backwards by 2.5 V for 4 seconds. This was necessary to avoid the risk of
breaking during heat treatment increased. Weight of 300 g was used for heat treatment and that
endured for 90 min at 150 °C. All SCA performance tests were performed with 150 g and the length
of the SCAs was recorded every 10 °C starting from 30 °C to 150 °C and back again, down to 30 °C.
This was done at least twice for each SCA since they needed to be trained to get a stable and
desirable performance. To attach the coils into the heat treatment chamber steel wire with
diameters of 0.7 mm was clamped to the coils and then attached to the motor on one end and the
weight/ movement restriction on the other. The diameter of the steel wire was chosen to be thin
enough to still fit in the silastic tubes mentioned below but thick enough to have negligible length
change caused by the weights.

All the SCAs were then cut into smaller muscles of about 2.5-4.0 cm to get a constant diameter over
the entire muscle length. This was done since the temperature in the chamber was not constant and
the obtained diameter was smaller at the warmer zone. Decision on where to cut was based on
visual inspection. The same performance test procedure was done for both short and long SCAs.

One of the cut out piece of SCA was put in a tube of silastic laboratory tubing with inner diameter of
1.57 mm and outer diameter of 2.41 mm. After it was firmly tied, the performance was investigated
using the same procedure as mentioned above. This was done to see how the tubing affects the
performance.

Two other SCAs was also put in the same tubing and filled with Galinstan and then sealed. This was
done to increase the thermal conductivity of the muscle but also to make Joule heating possible
instead of external heating. First, the seal was done by making a knot of another piece of silastic
tube. This was enough to keep the Galinstan in the tube if it was not pushed or pulled, however the
coil and steel wire could easily be moved making the Galinstan to leak which resulted in a poor
contact between the steel wire and the Galinstan. Glue was then used to fix and seal the end of the
tubes to the steel wire, but this also ended up in poor contact between the steel wire and the
Galinstan making Joule heating difficult. To improve the contact of the steel wire and the Galinstan a
thin copper wire was spun around the steel wire and put in with the coil into the tube to increase the
contact area between steel/copper wire and Galinstan. Then the ends were glued like previously to
fix and seal the tube. However, there was still a problem with contact between the Galinstan and the
steel wires most likely due to not completely filled tubes and/or the high surface tension causing the
Galinstan to create voids in certain parts of the tubes. To circumvent the problem of voids in the
tubes the monofilament fishing line was coated in Galinstan before coiling making sure it is
completely covered in Galinstan. The biggest problem of this was when the actuator was handled
Galinstan would be removed when touched or when contracting especially from the contact points
of the steel wires making Joule heating difficult for the actuator. Then, polydimethylsiloxane (PDMS)
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was used to keep the actuator covered in Galinstan by dipping the coil in PDMS and hanging the coil
vertically letting the PDMS fully cover and cured to protect the Galinstan. This approach gave a
contact that was good enough for performance testing of the muscle using Joule heating. This was
done by connecting the power supply directly to the steel wires instead of to the heat treatment
chamber.

One muscle was made by coating a 0.4 mm monofilament fishing line in gallium. In this experiment
gallium was heated up to above its melting temperature. Then the fishing line was dipped in the
gallium and rolled to make it full covered. After this the same procedure as with Galinstan was
performed. The idea of using gallium was to be able to have a stiff muscle at lower temperatures and
a contracted softer muscle at higher temperatures. However, it was observed that the gallium used
was still in liquid form after a night in room temperature most likely due to undercooling.
Performance testing was still performed but with liquid gallium.

One muscle was made to see how much work a SCA could perform. For this experiment, a
monofilament fishing line with a diameter of 0.2 mm was used. The coiling was made with a weight
of 100 g and heat treated with 300 g. The performance was tested in the same way as before with
external heating starting from 30 °C to 150 °C with readings every 10 °C. Different weights from 50 g
to 250 g with 50 g steps were used to see if the work would change for different loads. Then, the
work was calculated by the force multiplied by the distance moved. To calculate the efficiency, the
same experiment was performed with Joule heating with an SCA coated in Galinstan and PDMS.
However, for this a 0.4 mm monofilament fishing line was used because it was easier to cover a
thicker line in Galinstan. Heavier weights of 150, 300 and 500 g were used to get similar stresses as
for the thinner line.

Setting start point for coiling
An experiment was done to see if it was possible to initiate a point where the coiling starts. This was
done due to that sometimes the coiling starts from the top and continues downward and sometimes
from the bottom and continues upward the monofilament fishing line. The experiment was
performed by creating a stress concentration by either tying a knot and leaving it there, or untying it,
or by pulling and bending at a point of the monofilament fishing line. After this the same procedure
was carried out as previously stated in the performance experiment however without heat
treatment.

Results

Wrist force experiment
Figure 14 and Figure 15 shows the pulling force required to feel the contraction of the band and the
circumference difference before and after pulling for person 1 and 2.
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Figure 14: The force necessary for a person to feel a contraction around the wrist.

Figure 15: The circumference difference necessary for a person to feel a contraction around the wrist.

SCAs

Snarling limit experiment
To see the difference in results of SCAs by the weight used for twist insertion SCAs was manufactured
with three different diameters of nylon monofilament fishing line. The diameters of the fishing lines
used were 0.1, 0.2 and 0.4 mm. The intervals for snarling, coiling and breakpoint for different weights
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and tensile stresses is shown in Figure 16 and Figure 17. All the weights had the vertically moving
restriction and the friction/weight of the restriction is assumed to be negligible.

Figure 16: Results of snarling limit experiment (vertical red line for 0.1 mm diameter fishing line, vertical blue line for 0.2
mm diameter fishing line and vertical black line for 0.4 mm diameter fishing line) and predicted intervals for different
weights and diameters during twist insertion. The dashed red and dashed blue areas, and the plain white area above
them are predicted for snarling, coiling and break, respectively, to be occurred. Note that no snarling occurred for the 0.1
mm diameter monofilament fishing line.

Figure 17: Presentation of results from Figure 16 in form of tensile stress versus diameter of fishing line. The dashed red
and dashed blue areas, and the plain white area above them are predicted for snarling, coiling and break, respectively, to
be occurred. Note that no snarling occurred for the 0.1 mm diameter monofilament fishing line.
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Figure 18, Figure 19 and Figure 20 show diameters of the coils for different fishing lines when a
weight close to the snarling limit and a weight close to the breaking limit were used during twist
insertion. An uncoiled fishing line at the topmost in each figure is used as reference.

Figure 18: Top-down: The original nylon monofilament fishing line with diameter of 0.100 mm, the coil manufactured with
36.41 g (close to the breaking limit of the line) and the coil manufactured with 3.14 g (close to snarling limit of the line).
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Figure 19: Top-down: The original nylon monofilament fishing line with diameter of 0.200 mm the coil manufactured with
98.39 g (close to the breaking limit of the line) and the coil manufactured with 24.15 g (close to snarling limit of the line).
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Figure 20: Top-down: The original nylon monofilament fishing line with a diameter of 0.400 mm. A coil manufactured with
338.23 g (close to the breaking limit of the line). A coil manufactured with 124.54 g (close to snarling limit of the line). The
color difference (most visible of the bottom coil from left-right) is due to whole the fishing line was colored by the
manufacturer (going from black-yellow-black and so on) and is present in all the coils manufactured with this fishing line.
However this did not affect the results.

Performance experiment
Results from the last sequence of performance tests of the uncut SCAs are shown in Figure 21. Coil 5
was destroyed during the performance tests and was replaced with coil 6, which was made using the
same parameters as all the other coils.

Figure 21: Performance of different coils. The coils were made with 150 g at room temperature and heat treated with 300
g at 150 °C for 90 minutes. The load during performance tests was 150 g.
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The results of the last sequence of the performance tests of the cut out coils are shown in Figure 22.

Figure 22: Performance of the cut-out pieces from different coils. The coils were made with 150 g at room temperature
and heat treated with 300 g at 150 °C for 90 minutes. The load during performance tests were 150 g.

Figure 23 shows the performance of a coil inserted in a silastic tube without Galinstan and Figure 24,
Figure 25 and Figure 26 shows the performance of the actuators after Galinstan was introduced in
the system. External heating was used for these experiments.

Figure 23: Performance of a cut-out piece from coil 1 test sequence 3, with silastic tubing without Galinstan. The load of
150 g was used during twist insertion and 300 g during heat treatment of 150 °C for 90 minutes. The load during
performance tests was 150 g.
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Figure 24: Performance of a cut-out piece from coil 3, test sequence 3, with silastic tube filled with Galinstan. The load of
150 g was used during twist insertion and 300 g during heat treatment of 150 °C for 90 minutes. The load during
performance tests was 150 g.

Figure 25: Performance of coil 1  ́coated with Galinstan before twist insertion, test sequence 3. Note that PDMS was not
used in this experiment and that 1´ was not the same as 1. The load of 200 g was used during twist insertion and 300 g
during heat treatment of 150 °C for 60 minutes. The load during performance tests was 150 g.
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Figure 26: Performance of a cut-out piece from coil 1´, test sequence 3, coated, with Galinstan before twist insertion. Note
that no PDMS was used in this experiment and that 1´was not the same as 1. The load of 200 g was used during twist
insertion and 300 g during heat treatment of 150 °C for 60 minutes. The load during performance tests was 150 g.

Figure 27 shows the performance of cut out pieces of coils 1 and 3 coated in Galinstan before coiling
and then dipped in PDMS.

Figure 27: Performance of cut-out pieces from coils 1 and 3, coated with Galinstan before twist insertion and then dipped
in PDMS. The load of 150 g was used during twist insertion and 300 g during heat treatment of 150 °C for 90 minutes. The
load during performance tests was 150 g.

In Figure 28, Figure 29 and Figure 30 shows the performance of cut out pieces from coil 3 coated in
Galinstan before coiling and then dipped in PDMS. The SCAs are heated with Joule heating of the
actuators, using the Galinstan as a conductor. The different figures are for different loads used in the
experiments.
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Figure 28: Performance of a cut-out piece from coil 7, coated with Galinstan before twist insertion and then dipped in
PDMS. The load of 150 g was used during twist insertion and 300 g during heat treatment of 150 °C for 90 minutes. The load
during performance tests was 150 g.

Figure 29: Performance of a cut-out piece from coil 7, coated with Galinstan before twist insertion and then dipped in
PDMS. The load used was 150 g during twist insertion and 300 g during heat treatment of 150 °C for 90 minutes. The load
during performance tests was 300 g.

Figure 30: Performance of a cut-out piece from coil 7, coated with Galinstan before twist insertion and then dipped in
PDMS. The load used was 150 g during twist insertion and 300 g during heat treatment of 150 °C for 90 minutes.  The load
during performance tests was 500 g.

In Figure 31 and Figure 32 shows the contraction and work performed of an SCA under different
loads heated with external heating.



24

Figure 31: Performance of a cut-out piece from coil 9. Note that a 0.2 mm diameter monofilament fishing line was used in
this experiment. The load of 100 g was used during twist insertion and heat treated with 300 g load at 150 °C for 90
minutes. External heating was used and the reading is at 150 °C.

Figure 32: Work performed by a cut-out piece from coil 9. Note that a 0.2 mm diameter monofilament fishing line was used
in this experiment. The load of 100 g was used during twist insertion and heat treated with 300 g load at 150 °C for 90
minutes. External heating was used and the reading is at 150 °C.

Figure 33 shows the work done by the actuator in Figure 28, Figure 29 and Figure 30 and the
efficiency was calculated to 0.12%, 0.19% and 0.29% for the 150 g , 300 g and 500 g loads,
respectively.

Figure 33: Performance of a 0.4 mm diameter monofilament fishing line, coated with Galinstan before twist insertion and
then coated with PDMS. This experiment was done using Joule heating. The load used was 150 g during twist insertion and
300g during heat treatment of 150°C for 90 minutes.
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The performance for coil dipped in gallium and PDMS is shown in Figure 34. The performance was
also tested using Joule heating but no contraction was noted.

Figure 34: Performance of coil 8, test sequence 2, coated in gallium before twist insertion and then coated with PDMS. The
load of 300 g was used during twist insertion and 500 g during heat treatment of 150 °C for 90 minutes.  The load during
performance tests was 150 g.

Experiment on setting point for coiling
Results from the experiment on setting point for coiling to be started are shown in Figure 35.
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Figure 35: Setting point for coiling (indicated by the red circles): 1 tied knot, 2 tied knot and then untied and 3 bent and
pulled.

Discussion

Wrist force experiment
As can be seen, the results of the wrist force experiment are not accurate and differ from person to
person. The experiment could be improved by using a force/strain sensor and having a larger number
of people participating for better statistics. Nevertheless, the main purpose was just to get an idea of
what  is the minimal perceptible force, therefor e the quick and simple experiment was sufficient to
point out that the forces above 3 N was always detectible by people. However, this value might be
changed if the person doing the experiment is distracted by something.
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SCAs

Snarling and coiling limit experiments
Snaring seem to occur if the load during twist insertion produces a tensile stress that is lower than 10
MPa, as shown in Figure 17, which is similar to the minimum stress achieved in [11]. However, for the
0.1 mm diameter fishing line no snaring occurred. This is most likely because the weight of the
attachment that prevented the SCAs to rotate was enough to prevent snarling. Calculation of weight
that produces tensile stress of 10 MPa for fishing line with diameter of 0.1 mm gives a weight of 8 g.
This was a reasonable weight for the attachment that prevented rotation. In Figure 16 and Figure 17,
a predicted weight and tensile stress, respectively, can be selected for fishing lines with different
diameters to produce SCAs. The linearity is estimated to be sufficient as Hooke’s law is linear. The
reason why the tensile stress in Figure 17 is not constant for all diameters is most likely because of
the stress difference along the radius of the fishing lines. This stress difference increases with
increasing radius (or diameter). Furthermore, the SCAs at the bottom in Figure 18, Figure 19 and
Figure 20 showed different diameters for every second turn. The reason might be that weights
applied for twist insertion were close to the snarling limit, and thus when coils start to form, the
fishing line relives itself of the stress. Therefore, the first coil would have a smaller diameter due to
the maximal stress, and the light weight could not sustain this stress for the second turn with the
same tight diameter to be formed making the second to have a larger diameter. For the third turn,
the stress in the fishing line would evolve in the same way as for the first turn. Heavier weights (close
to the coiling limit, which is toward the break area as shown in Figure 16 and 17) would provide
equally high stress for every turn, making the SCA to have the same diameter for every turn
throughout is length.

Performance experiments
Uncut SCAs without Galinstan and PDMS had a contraction of 13-17 %. The contraction increased to
15-19 % when measured on a selected cut-out part. This result was less than that achieved in [11],
where the nylon 6 monofilament SCAs and the nylon 6.6 SCAs contracted 25 % and 35 %,
respectively. However, in this project, the type of nylon was unknown. The results show that the cut-
out SCAs perform better than the uncut SCAs. This was intuitive when the selected parts were at the
top of the heat treatment chamber, i.e. where it was warmest. In addition, the temperature gradient
was smaller at the top of the heat treatment chamber. At the top of the heat treatment chamber
(warmest zone), the SCA pitch was biggest. This means that the highest possible contraction was
possible from the SCAs treated in that zone. If the temperature was even throughout the chamber,
the pitch would have been the same along the individual SCA. This would have made it possible to
manufacture longer SCAs with similar properties over the entire length.

To improve the performance of the actuators, manufacturing parameters could have been
investigated. For example, optimal weight during twist insertion, optimal temperatures and duration
during heat treatment could have been investigated. Even the rotational speed during twist insertion
has been shown to affect performance. Nevertheless, the highest performance was not the goal of
the project but only to see if it was possible to use SCAs as servo valves for pneumatic actuators. For
this purpose, a contraction of 20 % would be considered sufficient. This would interfere with the flow
of the fluid in the pneumatic actuators sufficiently. This contraction was most likely possible if certain
parameters were optimized.

Improvements of the experimental setup could also have been made. This could have led to
improved performance of the SCAs. Additionally, the measurement of uncertainty could have been
reduced. For length measurements, the uncertainty was somewhat high. The estimated value of a
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reading was ± 0.5 mm of the correct value. This was because the length measurements were made
visually from a distance of about 15 cm. However, for voltage and temperature measurements the
uncertainty was low. This could have affected the calculated contraction of a few % depending on
the length of the actuator. To mitigate the measurement uncertainty, a strain sensor could have
been used.

Heating with external heater (Joule heating from the heat treatment chamber) resulted in a higher
contraction than that with direct contact Joule heating (Joule heating of the SCAs). One reason for
this may have been that the extra material (Galinstan and/or PDMS) constituted an extra load to the
SCAs. Another reason could be that the temperature from direct contact heating was not as high as
with external heating. At least at a certain point, since direct contact Joule heating of the actuators
was locally heated. The temperature gradient of direct contact Joule heating was also increased
which led to SCAS breaking more easily. In addition, when the coil became too hot, it spun up,
leading to loss of a continuous coating of Galinstan on the SCA, and the SCA got destroyed.

When direct contact Joule heating of the SCAs was used, the biggest problem was getting good
contact between the steel wires and the Galinstan. In case of poor contact, Joule heating is
unreliable. When silastic tubes were used and filled with Galinstan, the problem was that the entire
tube was not completely filled. This led to voids in the tube which led to poor contact. An
improvement that could have helped would have been to investigate which diameters of tubes work
best for different sizes of SCAs. The diameter of the tube must not be too large so that the SCA can
move in the tube, but not too small so that it becomes difficult to fill with Galinstan. When coating
the fishing line with Galinstan before twist insertion, the contact was improved. This was tested by
measuring the resistance of the SCA. At the same time, when the resistance was measured before
use, it was lower than after it was used (meaning heated). This indicates that some Galinstan had
moved or that the coil became too hot and started to spin up (= uncoil). This problem was solved by
coating the SCAs in PDMS after heat treatment. However, if the SCAs got too hot they could still be
destroyed. An SCA that got too hot can be seen in Figure 36. What probably happened was that the
coil became too hot and began to spin up. This led to a reduction in contact area of the Galinstan,
which increased the resistance and therefore heat generation. This continued until the contact is lost
and the SCA was destroyed. This type of chain reaction was the reason why the direct contact Joule
heating of the SCA was more difficult to implement.

Figure 36: An SCA that was coated with Galinstan before coiling and then coated in PDMS used for actuation with Joule
heating and the temperature got to high. Note that in the middle the coil has started to spin up.

When gallium was used in the same way as Galinstan, the performance was similar, at least for
externally heated performance tests. However, when direct contact Joule heating using gallium was
applied, no contraction of SCAs was noted. On the other hand, the idea of using gallium was to have
it stiff at room temperature. But due to undercooling, this was not the case. In addition, Galinstan
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was more manageable so that no further experiments with gallium were performed. If active
nucleation (i.e. seeding) had been used, this might have helped, but it was not part of the project.

An SCA manufactured from the 0.4 mm diameter fishing line had a calculated efficiency of 0.12 %,
0.19 % and 0. 29 %, for weights of 150 g, 300 g and 500 g, respectively. However, for this experiment,
the SCA used was destroyed and heavier weights could not be used. Heavier weights might have
increased the efficiency of the SCA. In the results, an SCA manufactured from the 0.2 mm diameter
fishing line had its highest work done, with a weight of 150 g. If the same corresponding weight (4
times the cross-sectional area, 4 times the weight) were to be applied for a 0.4 mm diameter fishing
line SCA, the weight would be 600 g. If this weight was used, perhaps the work and efficiency would
have increased. Due to lack of time this was not investigated further. The efficiency can probably be
increased if manufacturing parameters were optimized. An efficiency of 1.08 % was achieved in [11]
with a nylon SCA. This indicates that with more optimized parameters, the efficiency can be
improved.

Setting point for coiling experiment
Stress concentrations affect the starting point for coiling. In Figure 35, coiling of the coil to the left
started at the knot and continued upwards until it could no longer coil. After that, it started coiling
down from the knot. As a knot in an SCA is not preferable, this method should not be used to initiate
a starting point for coiling. For the coil in the middle in Figure 35, a knot was knotted then knotted
up, it started snarling instead of coiling, or it broke. This happened even though the weight during
twist insertion increased over the snarling limit. Most likely, the fishing line was not straight after it
was knotted up, causing it to initiate snarling.. For the coil in the right in Figure 35, the fishing line
was bent and pulled before twist insertion, creating a small stress concentration. However, coiling
did not start at this position, but the coils became defective at that point. This indicates that the coils
start at the weakest point. In this case coiling started at the knot around the axis of the motor. Stress
concentrations affect the starting point of coiling, but more time and more precise methods are
needed to verify the magnitude of the stress.

Conclusion
In this report different actuators have been studied in order to see which of them or which
combination of them could be used in multifunctional garments. A hypothesis was that a system of
pneumatic actuators with valves controlled by SCAs could be used for this purpose.

A contraction of over 19% has been achieved using an SCA and an efficiency of 0.3% has been
reached. However, with optimization of the fabrication and testing process this can most likely be
improved. Furthermore, it has been showed that a liquid alloy does not affect the performance of
the SCAs significantly. However, it was a problem to keep the liquid alloy on the SCAs during
actuation if not covered by a layer of PDMS or a silastic tube, but this affected the SCA contraction
performance. Another problem with silastic tubing was that the contact area of Galinstan was easily
lost during actuation. Also, it was easier to achieve good contact to coat the monofilament fishing
line in Galinstan before coiling. Some problems with Galinstan being moved during actuation were
improved by coating the SCAs in PDMS. This did not affect the performance significantly.

Further work is needed to confirm that SCAs can be used for valve control for pneumatic actuators
and if the efficiency is good enough for them to be used.
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