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ABSTRACT

Current robotic systems are typically made using all rigid materials. This causes them to have
precise, fast control. However, all-rigid robots face difficulty handling delicate objects and
interacting with people, who may get injured by them. Additionally, if the robot gets
unexpectedly caught on an obstruction, it can get stuck and damage its motors. The introduction
of controllable soft elements using low melting point alloys can eliminate these problems. For
example, the phase change of liquid metal (between liquid and solid) can provide an extreme
change in stiffness to help a robot pass by an obstruction. For grasping delicate objects and
interacting with people, soft robots can be used instead of rigid. Typically, soft robots utilise a
pump to change the pressure in a liquid, or high voltage to compress a fluid enclosed within a
shell. However, the use of external pumps and high voltages limits their usefulness. Using liquid
metal as the fluid, it is possible to create soft robots actuated using low voltages without using
external pumps. This thesis therefore aims to solve problems in robotics using the unique

properties of liquid metals.

Firstly, a smart stiffness changing elastomer made using a non-toxic low melting point alloy —
Field’s metal (melting point 62 °C) — is created. This elastomer composite exhibits
unconventional and tuneable mechanical and electrical properties that change with temperature
and strain. Its resistance decreases by orders of magnitude when compressed or stretched. The
electrical and mechanical properties are first investigated with variations in applied stress and
temperature. Afterwards, its smart ability to change stiffness and resistance upon a combination
of mechanical and electrical stimuli is demonstrated. It is then used in two proof of concept
demonstrations — to make a variable stiffness compliance module for robotic grippers, and a

resettable fuse.



Secondly, a capillary liquid metal muscle is created, which utilises the giant, switchable change
in interfacial tension of eutectic gallium indium liquid metal to generate force and movement.
The theory behind the working of the muscle is first explored, and the estimated force output
for capillary size and overall diameter is calculated. The design is then optimised for maximum
force and stroke. Tests were done on force change for various frequencies, movement of the
muscle for different mass payloads, and the effect of different electrolytes on the performance
of the muscle. The force output of the muscle and its position during movement is able to be
controlled using feedback control. Finally, designs with extra small capillary slit widths are

fabricated and tested, showing further increased force change.

Overall, this thesis explores two different ways that liquid metals can be used to improve robotic

systems.
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1. Introduction

1.1 Background

The unique properties of liquids, including interfacial tension, viscosity, and reconfigurability,
present the potential to create radically different robotic systems, with innovative designs and

capabilities not possible using standard components.

Low melting point alloys, particularly Gallium based liquid metals (LMs) such as Eutectic
Gallium Indium (EGaln, 75.5% Gallium, 24.5% Indium), are a remarkable family of functional
fluidic materials that are inherently fluidic at or near room temperature [1]. They also possess
high thermal (>20 W m™ K) [1] and electrical (>6x10° S m™) conductivities [2]. Most
importantly, they can actuate electrically for realising mechanical functions, offering many
potential benefits to electromechanical systems [3]. Such actuators are simple, highly
responsive, highly controllable, and reversible, which has led to the creation of useful devices
such as reconfigurable antennas [4], artificial muscles [5, 6], electrical switches [7], and soft

robots [8], just to name a few.

Field’s metal is another low melting point metal with atypical properties. It is an alloy of
bismuth (32.5 wt%), indium (51 wt%) and tin (16.5 wt%), and has a low melting point of 62
°C [9]. Therefore, it can transition between solid and liquid with a relatively low amount of heat
applied in comparison to most other metals. This low phase change temperature makes Field’s
metal very useful for stiffness change applications, as the variation in stiffness between solid
and liquid states is much larger than that achieved using alternatives, such as vacuum jamming

of particles [10].



1.2 Motivation, Aim and Objectives

The motivation for this research stems from the need to explore low melting point alloys as a
solution to challenges in both conventional robotics and soft robotics. These materials offer
unique properties such as flexibility, high conductivity, reconfigurability, electrical
controllability, and ease of fabrication, making them ideal for addressing limitations in
traditional rigid robotics, as well as enhancing the integrity and functionality of soft robotic
systems. By leveraging these alloys, this research aims to bridge the gap between structural
rigidity and mechanical compliance, creating more versatile and innovative robotic

applications.

One issue faced by conventional rigid robotics is that during operation, its end effector can often
become slightly misaligned from its optimal position [11]. This may be due to the target object
being inaccurately placed or it shifting from its original position. This misalignment can cause
damage to both the robot and the target object or cause it to perform its task inaccurately (such
as milling). Additionally, the robot may be unexpectedly blocked (such as in telerobotics
applications where there may be a slight time delay, and the operator may not be aware of
obstacles outside their field of vision [12]), which may also cause damage. Adding variable
stiffness elements that can transform from rigid to soft can help the robot avoid damage by
softening a joint so it can correct for slight misalignments or move around an unexpected
obstacle. The variable stiffness element can then become more rigid again afterwards.
Therefore, one objective was to create a variable stiffness material utilising the phase change at

low temperature of Field’s metal.

Soft robots are designed to be used to interact with delicate objects or for safer human-robot

interaction. Actuating the soft robot can be done in many different ways, such as by using pumps
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or compressors to inflate a diaphragm, using shape memory polymers which change shape when
heated, or using high voltage to pull electrodes together for movement. However, each of these
methods have drawbacks, such as slow speed, use of bulky compressors/pumps, or safety
concerns due to high voltage. Alternatively, the unusual variable interfacial tension of LM can
be used to generate force and movement for soft robotic systems. EGaln’s interfacial tension
varies from 500 mN/m (~9 times that of water) to ~0 mN/m, based on its oxidative state [13].
This has previously been used to make LM droplet type robots which rise up and down with
the change in energy state [5, 6, 14], however, the force and stroke of these muscles are
relatively low. One of the objectives of the thesis is to create and test a new design of LM
muscle, using the high change in interfacial energy to generate force. This would then be used
to make proof-of-concept application demonstrations, such as in a soft robotic gripper and

finger.

The overall aim of the thesis is therefore to use low melting point alloys to create improved

rigid and soft robots.

1.3 Thesis Structure

Chapter 1: Introduction

This chapter outlines the general field for the research, motivations, and the key themes and

ideas explored

Chapter 2: Literature Review

This chapter is a detailed literature review, previously published as ‘Liquid Metals as Soft
Electromechanical Actuators’. It describes the different ways that LM can be actuated and the

many ways this has been used.



Chapter 3: Electro-Mechano Responsive Elastomers with Tunable Conductivity and Stiffness

This chapter describes a variable stiffness elastomer made with Field’s metal. The elastomer is
able to change in conductivity with applied strain, as well as change in stiffness when heated.
The elastomer’s electrical and mechanical properties are tested, and then it is used in two proof
of concept applications in robotics and electronics which utilise its mechanical and electrical
properties. Note that experimental details for this chapter and the next are included at relevant

locations within the text. Therefore, there is no dedicated experimental details chapter.

Chapter 4: Liquid Metal Capillary Muscle

This chapter describes a new type of actuator, which uses the variable interfacial tension of
EGaln LM to generate force. The theoretical force change of the muscle is first derived. The
design of the muscle is then optimised, and its properties are tested. Control of force and
position of the muscle is also achieved. It is used in various applications, including as a variable

damper and in a soft robotic finger and gripper.

Chapter 5: Conclusion and Future Work

This chapter summarises the findings of the work conducted and describes future work which

could improve and expand upon that achieved here.
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2. Literature Review

This has been published as T. Cole, S-Y. Tang, Liquid metals as soft electromechanical

actuators, Mater. Adv., 2022, 3, 173-1852022

2.1 Introduction

Transformable soft actuators constituting highly deformable materials with low moduli, such
as polymers, gels, and fluids play an important role in actuating robotic systems, particularly
for those with soft moving bodies.[1, 2] These actuators generate motions and forces upon the
application of external stimuli, such as electric/magnetic fields,[3-8] pressure/temperature
changes,[9-12] light,[13-15] and chemicals.[16, 17] Unlike their rigid counterparts, soft

actuators can easily deform and adapt to dynamic conditions in changing environments.

Electromechanical soft actuators transduce electrical energy into mechanical motions or
deformation. Among all stimuli, electrical signals have numerous advantages; for example, they
allow for easy control of magnitude, frequency, and phase. Additionally, components for
generating electrical stimuli are compatible with conventional electronics and therefore, could
be readily integrated and powered by batteries. The design, synthesis, and integration of non-
1onic (e.g., dielectric elastomers, electrostrictive polymers, liquid crystal elastomers, etc.)[4, 13,
18-20] and ionic (e.g., ionic conducting polymers and their composites, ionic gels, etc.)[21-23]
electro-responsive polymers, as well as fluids that can change viscosity, surface tension, and
pressure upon electrical stimulation[5, 24-27] have been extensively explored to make soft

actuators over the past decade.



Liquid enabled soft actuators are able to make use of the inherent advantages of fluidic systems.
For example, fluids can deform freely without mechanical constraints to movement and are
naturally self-healable. Thus, incorporating electro-responsive fluids in solid materials, or using
fluids themselves as actuators minimises mechanical fatigue and heals electrical breakdown.[3]
Moreover, interfacial tension of fluids can be readily tuned electrically using the electrowetting

effect, making fluid actuators an attractive alternative in small-scale robotic systems.[2, 25]

Gallium-based liquid metals (GaLMs) provide many unique properties that make them
particularly suited for usage in soft actuators. For instance, GaLMs have the highest surface
tension (> 600 mN/m) among all liquids and have a negligible vapour pressure even at a high
temperature (> 500 °C).[28] They are also immiscible to aqueous and organic fluids. More
importantly, their metallic properties enable many extraordinary effects that cannot be
reproduced using conventional fluids, such as electrochemical oxidation/reduction, continuous
electrowetting, and the induction of the Lorentz force. These effects have enabled unparalleled
actuation methods that have been harnessed for making innovative electromechanical soft
actuators, and eventually lead to the construction of more complex systems for various

applications (Figure 2.1).
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Figure 2.1 The properties, effects, and applications of Gallium based liquid metals.

The unique properties of GaLMs can be harnessed for realising various effects, enabling the

formation of numerous soft electromechanical actuators and eventually lead to applications in

more complex systems.

This chapter seeks to summarise and highlight the fundamental principles and applications of
GaLLM enabled electromechanical actuators. First, there is a brief discussion on the unique
properties of GaLMs that can be harnessed for realising electromechanical effects. After this,
the different electronically controlled actuation methods are described, alongside examples of
its various uses in robotic, electronic, and microfluidic systems. Finally, there is a perspective

on the opportunities and challenges for the future development of such GalLM-based

electromechanical actuators.

2.2 Brief summary of the properties of gallium-based liquid metals

GalLMs includes alloys such as eutectic gallium indium (EGaln, 75 wt% Ga, 25 wt% In)[29]
and Galinstan (68% wt% Ga, 22 wt% In, 10 wt% Sn).[28] Pure Ga has a melting point of
29.8°C,[29] slightly above room temperature, whereas EGaln and Galinstan have melting
points of 15.7°C and ~11°C respectively.[29, 30] In contrast to mercury, GaLMs have a very
low toxicity.[31] They also have a negligible vapor pressure,[28, 29] meaning there is no danger

of accidental inhalation. Another feature of GaLMs is its oxide layer ‘skin’ which quickly forms



in air with a thickness of between 0.7-3 nm.[32] Oxide formation occurs even at very low
concentrations of oxygen (~few ppm).[32] The oxide layer reduces the surface tension from
>600 mN/m for bare GalLMs[33, 34] to ~350 mN/m.[35] Interfacial tension is also reduced
when GalLM is immersed in electrolyte (down to 415 mN/m in 1 M sodium hydroxide,
NaOH)[36] due to electrical double layer formation. The oxide layer can be removed
chemically by using acid or base, or electrochemically.[37, 38] With the oxide layer present,
the LM has increased adhesion, which can be used for patterning the LM.[39] However, the
stabilizing effect and adhesion of the oxide also stops the bulk metal from flowing, so in some
circumstances the oxide layer has to be continuously removed, or a surface coating applied to
prevent the oxide sticking.[40] GaLMs also readily alloy with some metals, such as copper,[41]
and aggressively corrodes some aluminium alloys.[42] Other metals it has been shown to be
non-corrosive towards however.[42] A comprehensive review on the properties of GaLMs can

be found elsewhere.[32, 43-45]

The high conductivity and fluidity of GaLM, and its oxide layer mean that it can be actuated
using various electrically based means. As the focus of this chapter is on electrically based
actuation, other ways to actuate GaLM (such as by utilizing the redox reaction between GaLM
and aluminium in a NaOH solution)[46] will not be discussed. See two recent review papers
for more information on these other actuation regimes.[47, 48] In this chapter, the focus is on
GalLMs. Both of the terms ‘LM’ and ‘GalLM’ are used, but should be understood to refer to
GaLMs only. See elsewhere[49] for a review that discusses actuation by interfacial tension

modulation of both mercury and GaLMs.



2.3 Interfacial tension modulation by electrochemical oxidation and reduction

GaL.Ms exhibit a huge change in interfacial tension from >400 mN/m to ~0 mN/m under certain
conditions.[38] This change happens in under 1 s, is reversible, and only requires a small
voltage (~1 V). The interfacial tension reduction is achieved by electrochemically oxidising the
LM droplet while in electrolyte, making an oxide layer grow. If the electrolyte used is an acid
or base that removes the oxide layer, then the oxide is continually removed as it is formed. This
means the LM has no impedance to its spreading, and with such a low interfacial tension, it
flattens and forms random shapes (Figure 2.2A).[50] The interfacial tension can be increased
back to its maximum value of >400 mN/m by removing the oxidative potential if in acid or
base, or by applying a reductive potential. This makes the droplet reform its spherical shape.
The interfacial tension change arises from the oxide layer acting as a surfactant and compressive
stresses resulting from oxidation.[50, 51] This speed and repeatability of this effect have been
showcased by using it to make droplets that jump over 5 mm in electrolyte (Figure 2.2B),[52]

and a beating heart gallium droplet that is capable of 610 beats per minute.[53]

The shape of LM in 2D can be controlled electrochemically using oxidation and the Marangoni
effect.[54] The Marangoni effect is when liquid flows from regions of low interfacial tension
to regions of high interfacial tension. To achieve the shape control, a LM droplet was placed in
a round dish with an anode touching it, immersed in a NaOH electrolyte, and with cathodes at
the edge of the dish. By applying a potential, oxide forms preferentially where the LM side is
facing a cathode. This reduces its interfacial tension locally, and results in Marangoni flow
towards where the LM has a higher interfacial tension at the centre of the dish. This makes the

LM spread towards the cathodes (Figure 2.2C). The LM could be spread to up to three different
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cathodes. The minimum angle between two protrusions was 30°. Using a feedback control

system, the LM stayed in position for up to 12 s.

A switch that makes use of oxidation and reduction to coalesce and split LM droplets has also
been made.[55] The switch consists of electrolyte encapsulating two LM droplets wetted on
two copper electrodes, with two additional outer electrodes on either side. The LM
preferentially wets the copper by alloying,[41] preventing the LM moving off it. When the
switch is off, the droplets are separate. To turn the switch on, an oxidative potential is applied
to one droplet and a reductive potential to the outer electrode on the far side. This causes one
droplet to oxidise and spread out, merging with the second droplet (Figure 2.2D). To split the
droplets, a positive potential is applied to one outer electrode and a negative potential is applied
to the other outer electrode. This causes one side of the merged droplet to oxidise, and one side

to be reduced, which makes the droplet unstable and splits.

Soft artificial muscles have been made that make use of the change in surface tension of
LM.[56-58] As LM preferentially wets copper by alloying, two copper pads can be used to hold
the droplet in place for actuation (Figure 2.2E). The droplet is then immersed in an electrolyte,
with a periodically oscillating potential applied to it. The electrolyte is usually a caustic acid or
base to increase the speed at which the oxide layer is removed, although an alternative
electrolyte (such as sodium chloride solution) has been shown to work if a reductive potential
removes the oxide layer.[56] With the LM droplet pinned from above and below, the force
generated can result in either pushing or pulling of the pads, depending on the
configuration.[56] Artificial muscle droplets can be used in parallel to increase the force or in
series to increase the stroke (Figure 2.2F). The artificial muscle droplets are unstable if the

distance between the pads becomes too great, as this causes the LM droplet to be pulled apart
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during actuation. Maximum distance between the pads is ~2-4mm for a Imm radius LM droplet
muscle, depending on its oxidation/reduction state and load force.[57] Another issue is that
electrolysis of the electrolyte during electrochemical reactions causes hydrogen to be formed
as an unwanted by-product. The gas generation can degrade the performance of the actuator. If
the voltage used is too high (~8 V) the amount of bubbles generated can block the actuation.[56]
Gas build-up would be a major issue in sealed contractile units, and requires release valves to
be used, or an alternative electrolyte that does not create a gaseous by-product. The artificial
muscles are able to actuate with strains up to 87%, with negligible response time.[56] Voltages
typically used for actuation were from 4 V to —0.5 V. The artificial muscle was able to actuate
repeatedly at 0.5 Hz for 2 hours with no loss of performance. LM artificial muscle was used to
make an untethered swimming fish (Figure 2F), a bimodal display, cargo carrier and
reconfigurable optical reflector.[56] The work density of such LM muscles created with 1 mm

3. dielectric

diameter droplets is ~100 kJm>[57] (c.f work density natural muscles: 8 kJ m
elastomer: 150 k] m>; shape memory alloy: 10 MJ m~)[59]. Reducing the size of the droplets
will result in a greater work density due to an increase in the surface area to volume ratio. Note
that interfacial tension scales linearly with length (L), whereas forces such as electrostatic and
magnetic scale as L* and L? respectively.[2] This means that interfacial tension forces dominate

at small scales. A droplet size of 2 um will result in a theoretical work density of 10 kJm™,

greater than that of dielectric elastomers and equal to that of shape memory alloys.[57]
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Figure 2.2 Actuators enabled by oxidation and reduction of LM.

(A) Oxidation of LM immersed in a NaOH solution causes its interfacial tension to reduce
significantly, resulting in flattening and spreading of the LM. Reproduced with permission.[38]
Copyright 2014, National Academy of Sciences. (B) A LM droplet jump over 5 mm high due
to oxidation and reduction. Reproduced with permission.[52] Copyright 2021, American
Institute of Physics. (C) LM shape control using electrochemistry. Reproduced with
permission.[54] Copyright 2019, MDPI. (D) Merging and separation of LM used as an electrical
switch. Reproduced with permission.[55] Copyright 2017, Wiley-VCH. (E) A LM artificial
muscle with copper pads on either side to pin the LM. Contraction and relaxation of the LM
artificial muscle can be achieved upon oxidation or reduction. Reproduced with permission.[57]
Copyright 2021, Royal Society of Chemistry. (F) Actuation of a 3-layer stack LM artificial
muscle and using a LM artificial muscle to swing the caudal fin of an untethered bionic robotic
fish. Scale bars are 2 mm. Reproduced with permission.[56] Copyright 2021, Wiley-VCH.

2.4 Continuous electrowetting

2.4.1 Continuous Electrowetting Theory

When a LM droplet is immersed in an electrolyte, it gains a net surface charge. For example,

when in a NaOH solution, chemical reactions result in formation of [Ga(OH)4]™ on the LM
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surface. An electrical double layer (EDL) is then formed around the droplet as oppositely
charged ions in the electrolyte are attracted towards it (Figure 2.3A).[60] The interfacial tension
varies with the potential across it. The Young-Lippman equation describes the variation of the
interfacial tension, vy:

1
y == yO - ECVE;DL (2.1)

where 7y is the maximum interfacial tension at the point of zero charge, C is the capacitance per
unit area of the EDL, and Vgpr is the voltage across the EDL [61]. When a potential is applied
across a LM droplet in an electrolyte, the low electrical conductivity of the electrolyte means
that there is a potential drop along the channel. The LM, however, has a high conductivity, so
its potential can be regarded as the same at all points on the droplet. Therefore, the potential
difference across the EDL is higher at one side of the droplet than the other. This results in a
non-uniform interfacial tension. With no external applied potential, the interfacial tension

everywhere on the droplet is still uniform.

2.4.2 LM Droplet Manipulation Using Continuous Electrowetting

When there is an interfacial tension gradient across the LM droplet, this results in the generation
of Marangoni flows along the surface to drive the droplet towards the anode (Figures 2.3A-B).
It also results in flow of electrolyte from the lower interfacial tension side of the droplet to the
higher interfacial tension side. This type of LM actuation is known as continuous electrowetting
(CEW). CEW offers a large degree of control over the movement of the LM droplet. LM can

be controlled in two dimensions,[62] and even made to travel up a slope.[63]

Accurate manipulation of multiple LM droplets in 2D has been achieved using infrared lasers

to selectively trigger phototransistors.[64] The experimental set up used contains a grounded
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graphite electrode, which surrounds a circuit board immersed in NaOH solution, with a
phototransistor and copper electrode array on it. A transparent epoxy is coated on the circuit
board, with only the tips of the electrodes exposed, meaning the LM droplets are able to move
freely. When a laser is shone onto a phototransistor, the appropriate copper electrode is
activated, and a LM droplet is actuated towards it by CEW. This can be used to control the
position of multiple LM droplets concurrently. It can also be used to merge droplets by moving
them at speed towards one another. If the laser is left on a phototransistor while the LM is
situated on its electrode, the LM is oxidised, flattens and spreads. Removing the laser stops the
oxidation, and the NaOH solution causes the oxide to be removed, beading the LM back up to
a spherical shape. The LM can be split into two droplets during this process if it spreads enough

during its oxidation.

The electrolyte used affects the actuation of the LM. For example, using a hydrochloric acid
(HCI) solution rather than NaOH results in the LM surface becoming positively charged[65] (it
is negatively charged in NaOH solution). An EDL then forms has a reversed polarity compared
with that made in NaOH solution. This causes the LM to travel to the cathode rather than the
anode. The LM also moves slower and needs a greater potential however (25 V minimum for
actuation compared with 2 V).[66] The worse performance is due to the low surface activity of
chloride ions.[36] Using an acidified (0.1 M HCI) potassium iodide (KI) solution generates a
higher surface charge density on the EDL due to iodide ion adsorption.[36] This gives improved
electrical actuation in an acidic electrolyte, and it even exhibits better performance than when
using NaOH electrolyte. The actuation required a lower voltage (4 V rather than 9 V) and

droplets moved faster.[36]
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When immersed in a NaOH solution, LM droplet speed initially increases with greater potential
applied.[67] Once a maximum droplet speed is reached however, an increased potential does
not result in greater interfacial tension difference on the LM droplet, and hence its speed is not
increased. If the potential applied is large enough, it can cause oxidation of LM, making its
interfacial tension gradient in the opposite direction, causing the droplet to travel towards the

cathode rather than the anode.[67]

A surface coating applied to the LM can also affect its actuation behaviours. Micro- or
nanoparticles can coat the surface of GaLM droplets to form LM marbles.[68] For LM marbles
with semiconductive nanoparticle coatings, a n-type nanomaterial coating (e.g., tungsten
trioxide, WO3) induces actuation in a way similar to that of bare LM droplets in a NaOH
solution — the marble moves towards the anode upon the application of an external potential
gradient.[66] However, a p-type nanomaterial coating (e.g., cupric oxide, CuO) induces more
complex actuation behaviours — the marble elongates and actuates towards the cathode while
the nanoparticles migrate to form a dense cluster tail.[69] The tail eventually falls off and then

the LM droplet abruptly changes the direction of actuation towards the anode.

Although the voltages used for LM CEW actuation are relatively low (~few volts usually), the
potential difference is still large enough for electrolysis to occur (>1.2V required for H»
generation). However, bubble generation has been shown to have only a very slight impact on
the actuation of the LM.[66] This was achieved by comparing the actuation of stainless steel
beads and LM in electrolyte solution with a potential difference across them. The bead actuation
was caused only by bubble generation, whereas LM actuation was caused by both bubble
generation and the surface tension gradient. The beads moved very slowly in HCI solution

(<0.2mm/s), and didn’t move at all in NaOH solution. In contrast, LM actuation was much
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faster — up to 67mms™! in NaOH solution and 33mms™ in HCI solution. This shows that the

surface tension gradient has a much greater effect on LM actuation than bubble generation.
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Figure 2.3 Actuators enabled by the CEW effect of LM.

(A) Distribution of the EDL on LM immersed in NaOH solution with an applied potential across
it. Reproduced with permission.[67] Copyright 2021, Royal Society of Chemistry. (B) LM
moving in a channel, from the cathode towards the anode, due to CEW. Adapted with
permission.[66] Copyright 2013, Royal Society of Chemistry. (C) Shape of a channel to cause
minimum energy states of LM, keeping it in the desired position. Reproduced with
permission.[70] Copyright 2014, IEEE. (D) Diagram of a variable parallel-plate capacitor.
Reproduced with permission.[71] Copyright 2021, IEEE. (E) A small vehicle with LM
‘wheels’. Reproduced with permission.[72] Copyright 2016, Royal Society of Chemistry. (F)
Side view of a wheeled robot driven by a change in centre of gravity moving outside of
electrolyte. Reproduced with permission.[73] Copyright 2018, Wiley-VCH. (G) A universal
mechanical module that is converts the flow caused by LM CEW into mechanical work.
Reproduced with permission.[74] Copyright 2021, Royal Society of Chemistry. (H) A LM
pump. Reproduced with permission.[75] Copyright 2014, National Academy of Sciences. (I)
An AC potential applied across LM causes it to oscillate. Reproduced with permission.[76]
Copyright 2014, Wiley-VCH.
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2.4.3 Variable Electronic Components Using LM Continuous Electrowetting

The high conductivity and fluidity of LM means it is particularly useful in making
reconfigurable antennas.[77] The LM can be moved to different positions to change the
properties of the antenna. Accurate positioning of the LM is important for radio frequency
applications; however, this is difficult to achieve when actuating LM using CEW due to the
inertia of the LM and low friction between LM and the channel.[70] Also, the motion of the
LM can create a pressure differential between the electrolyte at either side of it. After actuation,
the pressure differential could cause the LM to move from its desired position.[70] One method
to improve the accuracy of positioning of LM is to shape the channel to create minimum energy
states for the LM droplet.[70] An example of this is a series of rounded indentations (Figure
2.3C). The high surface tension of LM means that it will try to minimise its surface area.
Therefore, after actuation, it will stay within a set position. This results in a discrete number of

positions of the droplet and corresponding radio frequency properties.

A radio frequency shunt switch has also been made which makes use of CEW of LM.[78] For
the switch, a signal line is placed across a channel, and LM is actuated into a position over the
signal line to complete the connection to ground. If no LM is above the signal line, then the
connection to ground is removed. The use of electrolyte in radio frequency devices can
introduce unwanted losses, however. In this case, when the electrolyte is above the signal line,
it absorbs the radio frequency signal. In order to use CEW while reducing the losses due to
electrolyte, the switch design used a bubble trapped in the channel, and capillary troughs to
carry the electrolyte to either side of the main channel. The capillary troughs gave a continuous
path in the electrolyte for the CEW to function. The troughs were smaller than the channel

containing the LM, preventing the LM from moving into the troughs as this would increase its
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surface area. A bubble was positioned between two LM droplets, it stayed in position due to
capillary action of the electrolyte preferentially bringing the electrolyte into the trough rather

than the bubble. This design reduced the losses caused by the electrolyte.

CEW of LM can also be used for tuneable capacitors.[71] The tuneable parallel-plate capacitor
comprises a copper bottom layer with dielectric above it, and a top conductor made of two
stainless steel plates with a gap separating them, with a channel placed between the plates
(Figure 2.3D). The channel is filled with electrolyte and a LM slug. Actuating the LM slug by
CEW to bridge the gap between the two stainless steel plates causes the effective area of the
plates to be increased, resulting in a higher capacitance. The capacitance varied from 9.76pF

with the LM slug not contacting the plates to 10.34pF with the slug fully between the plates.

2.4.4 Continuous Electrowetting Driven LM Robots

LM droplets can be used to propel vehicles by using the droplets as soft ‘wheels’ in electrolyte
(Figure 2.3E).[72, 79] By building a platform around the droplets, cargo can be carried, and the
droplets are steered by CEW to a specified location. Alternatively, the LM droplet itself can be
used as the vehicle.[80] For example, as LM preferentially wets copper, LM was used to
encapsulate a hollow copper-coated sphere. The hollow sphere contained three cabins — the
driving, counterweight, and cargo cabins. The driving cabin contained magnetic particles to aid
in moving the droplet in addition to using CEW. The counterweight was used to keep the correct
position of the sphere within the droplet. The cargo cabin was filled with the payload, and was
sealed with wax, which could be melted with a laser. The droplet was successfully actuated

using CEW and magnets before unloading its payload.

LM soft robots are interesting but have a major drawback — they are only able to move in an

electrolyte, which limits their real-world applications. It is possible to use LM to actuate robots
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outside of an electrolyte, however. This has been achieved by encasing a channel with a LM
droplet, electrolyte, electrodes and a battery within an untethered wheeled robot.[73] The LM
position changes depending on the potential applied, which in turn causes the centre of gravity

of the wheel to alter, making the wheeled robot move (Figure 2.3F).

A similar, alternative approach is to create a LM universal mechanical module, which is inspired
by a water wheel (Figure 2.3G).[74] CEW of LM drives the spinning of the wheel, which is
then used to generate rotational motion outside of the solution. Aluminium flakes were also
added to the LM, which created a greater negative charge on the LM due to the galvanic reaction
between aluminium, EGaln and NaOH. The greater charge is then utilised to generate a stronger

Marangoni flow with the applied potential. This in turn creates a larger force from the module.

Another device that uses LM to do mechanical work is a LM motor.[81] The motor contains a
rotor with multiple LM actuating units.[81] Each of the actuating units contained a LM droplet
immersed in a NaOH electrolyte, controlled with a pair of electrodes. The actuating units work
together to generate a continuous output torque that is greater than that made by a single LM
droplet. LM was also used as the electric brush between the rotor and stator, making use of its
high conductivity and low viscosity. This reduced friction and prevents wear and sparks. The

motor was used to successfully drive an untethered vehicle and boat.

2.4.5 LM Pumps and Mixers Driven by Continuous Electrowetting

When a LM droplet is trapped within an electrolyte filled chamber with an applied electric
potential across it, it functions as a pump.[75] The surface tension gradient causes Marangoni
flow around the droplet, but as the droplet is trapped, it cannot move out of the chamber.
Therefore, the electrolyte is pumped by the droplet (Figure 2.3H). The applied potential may

cause an oxide layer to form on the more anodic pole of the droplet after a few seconds. This
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would then stop the pumping due to the reduction in the surface tension on that side (as that
was the side with the highest surface tension previously). Oxidation can be prevented by using
an AC potential difference with a DC offset.[75] The optimum frequency (~200 Hz) ensures
surface charges can be accumulated and released, preventing oxidation and allowing pumping
to continue. Too low of a frequency results in gradual oxidation. Too high of a frequency means
that the ions in the EDL do not have time to redistribute, reducing the pressure difference across
the droplet and the lowering the pumping rate. Under optimum conditions, the LM pump
exhibited a high flow rate with low power consumption. It was shown to work with a range of
electrolytes including solutions of NaOH, NaCl, and phosphate buffered saline. It could also
pump a liquid made by mixing glycerol and deionised water, which had a viscosity of
0.209Nsm™ (~230 times water viscosity). LM pumps have been used as cooling systems,[82]
and have also been shown to be able to pump an ionic liquid.[83] Using ionic liquid offers an
advantage over using NaOH as electrolyte due to an increased interfacial ion adsorption, which

results in a higher pumping rate.

In addition to pumping of liquid, mixing is also important for flows at low Reynolds numbers.
Mixing can be achieved by applying an AC electric potential in electrolyte to a LM droplet
wetting on a copper pad, causing the Marangoni flow generated at the surface of the LM to
oscillate back and forth (Figure 2.31).[76] The oscillating potential causes the interfacial tension
on different parts of the surface to vary rapidly with time, and LM wetted onto the copper pad
prevents the bottom layer of the droplet moving. Mixing can also be achieved without the use
of a copper pad.[84] By using a DC biased AC potential with a greater potential variance, this

induces chaotic advection between the neighbouring laminar flow.
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2.5 Electrocapillarity

The flow of LM in capillaries can be achieved by using electrochemical and electrowetting

techniques- both of which will be elaborated on here.

Electrochemically controlled capillarity (or ‘recapillarity’) involves removing the oxide layer
of GaLLM, causing LM to retreat from a channel (Figure 2.4A).[85] This prevents the oxide
layer from sticking to the walls of the channel (which can occur if the LM is pumped out). A
non-caustic electrolyte such as sodium fluoride (NaF) is used for electrochemically controlled
capillarity, as it does not remove the oxide without a reducing potential. Applying a reducing
potential to the LM causes a current to flow and the LM to move out of the channel due to
removal of the oxide and its increase in interfacial tension. Removing the potential stops the
current and the LM flow, because oxide that formed on the sidewalls of the channel needs to be
removed for the LM to flow out. Speeds of up to 0.3 ms™ have been achieved using a high
concentration of electrolyte (1 M NaF). Localised reduction of planar GaLM is also able to

‘write’ by removing LM near an electrode (Figures 2.4B and C).[86]

Electrowetting based control of LM in capillaries is similar in principle to CEW. By applying a
positive potential to the electrolyte relative to the LM, a surface tension gradient is generated
on the LM.[60] For the case of LM in a reservoir connected to a channel, the point of the LM
with the lowest interfacial tension is at the entrance to the channel. The interfacial tension
gradient results in Marangoni flow along the channel, which acts as a conveyor belt to pull the
LM out of the reservoir. If this force is greater than the capillary pressure, the LM is pulled into
the channel.[60] Small capillary side-channels can be used in addition to the main channel to

ensure LM does not block the flow of electrolyte.
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Fig. 2.4 Actuators enabled by electrocapillarity flow of LM. (A) Recapillarity-reduction of LM
in a channel causes it to flow out. Reproduced with permission.[85] Copyright 2015, Wiley-
VCH. (B) In-plane recapillarity schematic. (C) Writing using in-plane recapillarity. Reproduced
with permission.[86] Copyright 2016, Wiley-VCH. (D) Electrocapillarity causes LM to flow
out of a reservoir. The potential is then flipped and the LM is oxidised to keep it in place. After
this, the potential is reversed again, reducing the oxide and the LM retreats to the reservoir.
Reproduced with permission.[60] Copyright 2015, Springer. (E) Directing LM flow to three
end points in branching channels. Reproduced with permission.[87] Copyright 2015, Royal
Society of Chemistry.

Alternatively, applying a negative potential to the electrolyte relative to the LM causes
oxidation of the LM[60]. This also causes LM to move along the channel from the reservoir
due to interfacial tension reduction and Marangoni flow. The potential used dictates how far the
LM will travel along the channel, as when the LM gets closer to the negative electrode and the
resistance decreases, the current increases, which leads to more rapid oxide growth. This can

eventually stop the LM actuation. The oxide growth has been used to make LM retain its shape
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in a channel after actuating it to a desired position (Figure 2.4D).[60] Reducing the oxide will

then quickly bring the LM back to the reservoir.

Electrocapillarity is also able to steer LM as it is pumped along branching microchannels.[87]
Applying a positive potential to an electrolyte relative to LM in one of two branching channels
causes LM to flow preferentially to the channel with the applied potential, as that requires less
energy (Figure 2.4E). Alternatively, applying a high (~5 V) oxidative potential to the LM in
electrolyte causes a thick oxide layer to form as it nears the negative electrode. This blocks the

channel, making the LM travel along the other channel.[87]

LM has been used in reconfigurable antennas that use electrocapillary actuation.[88, 89] One
antenna design varied its polarization by making LM move into 5 discrete states by filling
different channels that were connected to a central reservoir. There were also notches at the end
of the channels to create a minimum energy state for the LM, keeping it in position without
having to use any power.[88] Another design combined electrocapillarity and CEW of LM in a

reconfigurable LM pixel array.[89]

2.6 Electrowetting on dielectric (EWOD)

Electrowetting on dielectric is a widely used technique to modify the surface wetting properties
of conductive liquid droplets.[90] A droplet placed on a dielectric surface, with an electrode
beneath it and an electric potential applied, causes a redistribution of charges towards the
droplet-surface interface. The charge accumulation on the surface of the droplet reduces its
surface tension and hence its wetting angle. Surface tension varies according to the Young-
Lippman equation, which here is written to show how the angles change based on the applied

voltage:
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where ¢ is the contact angle, & , is the Young’s contact angle under zero applied potential, &
is the relative permittivity of the dielectric used, « ¢ is the permittivity of free space, d is the

dielectric layer thickness, and 7.y is the interfacial tension between the liquid and vapor

phases.[90]

Using LM for EWOD has some challenges associated with it. For example, the oxide layer
adheres well to most surfaces and can impede the actuation of the LM. One solution is to prevent
the oxide layer forming by reducing the oxygen concentration <1 ppm.[28] However, this is not
feasible for most applications. Alternatively, infiltrating a silicone oil with HCI results in an
acidic oil that is electrically insulating and removes the oxide layer.[91] Also, the very high
surface tension of LM means that a high voltage (>1 kV) is required to be able to change the
surface tension appreciably. This high voltage, coupled with the thin dielectric layer means it
nears or is greater than the dielectric breakdown limit for some materials. To reduce the voltage
required, the shape of the channel can be changed so that the LM droplet is actuated with a
lower electrostatic pressure. This technique was applied to actuate LM in acidic silicone oil
using EWOD, with grooved channels in order to reduce the difference in electrostatic pressure
required to merge the droplets (Figure 2.5A).[91] The shape of the grooves also meant the
droplets separated when the voltage was removed (Figure 2.5B). The LM EWOD device was

used as an electromagnetic polarizer with a low switching time of ~12 ms.
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Figure 2.5 Actuators enabled by EWOD.

(A) Schematic of EWOD LM polarizer. The ridges cause the pressure differential between the
two states to be reduced and break the LM apart after the voltage is removed. (B) Picture of the
LM polarizer with voltage off and voltage on. Reproduced with permission.[91] Copyright
2017, IOP.

2.7 Electrostatic

Electrostatic forces have also been used to successfully actuate non-spherical LM particles
electrophoretically.[92] The particles were created using shear forces to pinch off LM flow out
of a capillary tube. The silicone oil used as the fluid was saturated with oxygen to ensure rapid
oxidation of the LM. The oxide layer stabilised the non-spherical shape formed by the shearing
forces. Various morphologies were created, such as an ellipsoid, single tail, double tail and rod,
and had a size of ~250 um. The particles were actuated using a high potential difference (~few
kV) with needle electrodes. Bringing a charged electrode towards a particle and contacting it
caused it to be charged. It then was repelled due to electrostatic forces (Figure 2.6A). Placing
the positive and the negative electrode opposite each other made the particle move between the
electrodes. At first the LM particle is positively charged and moves towards the negative
electrode, then it becomes negatively charged and moves the other way (Figure 2.6B). The
period of the oscillation reduces with increasing potential difference between the electrodes,

from a 148ms period at 2.4kV potential difference, to 55ms at 3.6kV. The thinner tails of the
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particles line up with the applied electric field due to uneven charge distribution. Multiple
particles line up in series between the two electrodes (Figure 2.6C), and can form a short-lived
electrical connection, which is destroyed as a result of the high voltage causing rapid

electrolysis.
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Figure 2.6 Electrostatic actuation of LM.

(A) Repelling a LM droplet from a high voltage probe. (B) Oscillating movement of LM
between two probes. (C) LM droplets lining up along the electric field. Reproduced with
permission.[92] Copyright 2021, ACS.

2.8 Magnetic

The high conductivity of LMs means that a changing magnetic field is able to induce a large
enough eddy current for Lorentz forces to move a LM droplet in a NaOH solution.[93] The
alkaline solution is required to remove the oxide layer to prevent the LM droplet sticking to the
container. Interestingly, the LM droplet moves in the opposite direction to solid gallium and
copper spheres under the same conditions (Figure 2.7A). The Lorentz forces experienced by
solid metal spheres result in a horizontal force (which is in the same direction as the moving

magnet), and a torque that makes it rotate towards the opposite direction. The slip layer on LM
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acts as a lubricant, preventing it rolling. Therefore, LM moves in the opposite direction to solid

spheres, which roll due to the applied torque.

Rotating magnetic fields have been shown to induce surface patterns in large LM droplets
(Figure 2.7B).[94] The setup used comprises a LM droplet in NaOH electrolyte, with graphite
electrodes in the centre and around the outside. With a rotating magnetic field and a low
potential applied (2.5 V), the LM rotates around the inner electrode due to Lorentz forces. With
an increased potential (4 V), the LM stops rotating, and displays the folding and rippling
patterns. The combination of the applied potential and the rotating magnetic field causes

variations in interfacial tension to generate the patterns.

A ferromagnetic LM alloy has been made that is able to be actuated electrically by CEW and
using magnetic fields.[95] LM was mixed with copper-iron nanoparticles in HCI solution to
create the ferromagnetic LM. The HCI solution removed the oxide on the LM and on the
nanoparticles. A galvanic cell is also formed between the Ga and the copper-iron nanoparticles
in HCI solution, oxidising the Ga and preventing the nanoparticles from dissolving in the HCI
solution. Mixing for 30 minutes resulted in the LM gaining a thick solid shell composed of
various oxides and alloys. CEW could be used to separate the more fluidic LM core from the
solid shell. The resultant fluidic, ferromagnetic LM had a greater weight content of copper-iron
with larger amount of nanoparticles added initially. LM alloys with a higher weight content of
copper-iron had increased viscosity, which resulted in slower actuation speed during CEW and

a reduced pumping flow rate, but had greater magnetic sensitivity.
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Figure 2.7 Magnetic based actuation of LM.

(A) Lorentz forces cause rotation of LM in the opposite direction to a solid gallium sphere due
to the slip layer on LM. Reproduced with permission.[93] Copyright 2018, Royal Society of
Chemistry. (B) A rotating magnetic field causes rippling and folding patterns on LM.
Reproduced with permission.[94] Copyright 2016, American Institute of Physics.
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Table 2.1 Details of the different LM actuation types

Actuation

Type Voltage | Scale Uses Observed Performance References
Max force: 43 mN (6 x 2 mm
diameter droplets in
parallel)[56]
Estimated force to volume
Oxidation/ “FewV | mm Artificial muscle | ratio: 850 NL™ [38, 50, 52-
reduction Switch Estimated force to mass | 58]
ratio: 0.14 Ng*
Up to 4 Hz Frequency
Estimated work density for 2
um droplets: 103kJ m™ [57]
Reconfigurable
antennas
Tuneable LM wheeled robot speed of
capacitors up to 150 mm s [79] [36, 62-64
CEW ~FewV | mm-cm | Radio frequency | Pumping rate for a 3 mm 66-é4] ’
shunt switch diameter droplet: 28.1 mL
Soft robot min? [82]
Pump
Mixer
Electrocapillar | _geyy v | mm-cm | Reconfigurable 1y, speed: 0.3 m s [85] | [60, 85-89]
ity antenna
Switchable Switching Speed for
EWOD 300V mm electromagnetic L [91]
. polariser: 12 ms
polariser
Frequency of oscillation
Electrostatic i'\‘/"4'4 Hm- - between two electrodes: 7- | [92]
mm
18 Hz
. -1
Magnetic N/A mm-cm | - Speed of droplets: 90 mm s [93-95]

[93]

2.9 Summary

In this review, the electrical methods to actuate LMs have been discussed, along with the many

different applications for this, such as in reconfigurable antennas, pumps, switches, motors, and

artificial muscles (Table 2.1). It is certain that the unique and beneficial properties of LM means

that it offers great advantages to a range of technologies. However, there are still some

challenges that must be overcome in order for LM enabled electromechanical actuator-based

devices to become widely accepted and even commercially viable.
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For example, electrolyte is needed for most of the LM actuation types- to continuously remove
the oxide, for electrochemical reactions to be able to occur, and for EDL manipulation. This
LM-electrolyte system has to be carefully sealed and is difficult to get useful work out of.
Electrolyte is especially unwanted in radio frequency devices, where it introduces additional
losses. Moreover, electrochemical oxidation/reduction and CEW effects for GaLMs work best
in a strong basic solution or acidified KI solution; this compromises the performance and limits
the applications of LM actuators in neutral, other acidic, and non-ionic liquids. Instead of using
electrolyte and electrical based actuation, pressure can be used in conjunction with a non-
wetting coating. However, this introduces additional components and doesn’t use one of the
benefits of LM (low voltage electrical actuation). An acidic silicone-based oil has been shown
to remove the oxide layer for EWOD, however, this is a corrosive liquid and is electrically

insulating, so cannot be used for CEW or oxidation/reduction.

Electrolysis is another issue. Bubbles of hydrogen are generated at the cathode during
electrochemical reactions in aqueous solutions when the potential difference used is >1.2 V.
The bubble generation can impact the performance of the LM actuator itself (for example by
blocking the actuation of LM artificial muscle). Electrolysis also reduces the efficiency of the
actuation. Using an ionic liquid rather than a NaOH solution is one potential remedy, as LM
has been shown to be able to pump an ionic liquid. Finding an ionic liquid that is safe to use,
doesn’t generate gas bubbles at the potential voltages needed and able to be used for

oxidation/reduction and CEW would be of great benefit.

Another challenge is how best to induce larger forces with LMs? The actuation methods
mentioned in this review mainly use interfacial tension modulation to induce motion. The

artificial muscles created were only able to lift ~1 g, whereas for most real-world applications
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the forces required will be >100 times greater. Decreasing the size of LM droplets would

increase the surface area to volume ratio, which scales with the inverse of the droplet radius.

This would result in actuators with a greater power density. However, this could also be more

complex to make and to get work out of the system.

A gap in the literature is therefore increasing the work density of LM muscles by decreasing

the droplet size below ~1 mm radius, or using an alternative design which also increases the

force generated. This gap will be addressed within the thesis in chapter 4, by confining LM to

small channels to dramatically increase the resultant force, with it capable of lifting a 1 kg mass.
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3.1 Introduction

Electrical conductivity and mechanical stiffness are two fundamental properties of any material
system. These properties are usually not tunable, with materials and overall design chosen to
satisfy the functional criteria defined by specific applications. However, an increasing number
of emerging applications in robotics, structural engineering, and consumer wearable electronics
would benefit from materials whose properties can be actively tuned [1-6]. These smart
materials that can respond to changes in their environment are revolutionising products and
devices. For instance, materials with switchable conductivity show promising applications in
electronic switches [7], optoelectronics [8], random access memory [9, 10], and reconfigurable

electronics [11]. In addition, materials with variable stiftness offer exciting opportunities in soft
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robotics and manipulators [12, 13], automotive and aerospace engineering [ 14, 15], and surgical
and rehabilitation devices [16, 17]. Metal-polymer conductive elastomers offer such tunable
electrical or mechanical properties [18-20]. Among them, conductive elastomers filled with
low—melting point alloys [LMPAs; such as eutectic gallium (Ga)-indium and Field’s metal
(FM, melting point: 62 °C): eutectic tin—bismuth—indium] have recently become attractive

because their resistance and stiffness can be changed by varying the temperature [21-23].

LMPAs have high electrical/thermal conductivity and high deformability after melting [24].
The solidification of LMPAs can induce volume expansion, thereby contacting adjacent
particles to transform an insulating composite into a conductor [22]. Alternatively, melted
LMPAs can fill the microgaps in conductive networks as the temperature rises, making the
composite conductive [21]. In addition, the melting of LMPA particles can reduce the stiffness
of the composites by up to two orders of magnitude [25, 26]. However, LMPA-filled elastomers
demonstrated to date suffer from significant limitations [27]. On one hand, composites filled
only with LMPA fillers can only switch between conductive and insulating states. Therefore,
they are not competent for more complex applications requiring continuous resistance changes,
such as sensors. On the other hand, LMPA-filled elastomers usually require external control
systems to change their temperature, such as liquid nitrogen immersion [22] or adjusting the
applied electrical current [23, 25]. Existing works have not attempted to combine variable
resistance and stiffness properties and investigate their synergistic effects to achieve

independence from external control.

Herein, a stretchable FM-filled hybrid elastomer (FMHE) comprising hybrid fillers of FM and
spiked nickel (Ni) microparticles dispersed in a polydimethylsiloxane (PDMS) matrix is

created. The use of FM avoids the extremely low solidifying temperature (below —30 °C, caused
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by supercooling) required for Ga-based LMPAs [28, 29]. It is also biocompatible as it contains
only indium, bismuth, and tin without lead or cadmium [30]. The use of spiked metal particles
as the secondary filler gives high strain sensitivity and improves microstructural strength and
mechanical stability [31, 32]. The FMHE exhibits not only reversibly switchable stiffness but
also tunable electrical properties. Harnessing these effects synergistically, a self-triggered
variable stiffness compliance compensator for robotic manipulators, with 10 times improved
compensation capabilities than the best commercial products is demonstrated. In addition, a
highly compact (>one order of magnitude smaller), self-recovering, resettable, current-limiting

fuse with >10 times faster response than state-of the-art resettable fuses is created.

3.2 Preparation and Imaging of the FMHE

3.2.1 Preparation of the FMHE

o

Gallium doped

Field" tal PDMS Water bath heating and Field’s metal
I€ld’s meta stirring for 3 min dispersion
Mixed &
e i cured
Field’s metal Nickel
dispersion microparticle FMHE

Figure 3.1 Procedure for preparing the FMHE.
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The overall procedure for making FMHE is shown in Figure 3.1. The first step for fabrication
is to prepare FM alloy. Indium (51 wt %), bismuth (32.5 wt %), and tin (16.5 wt %) were cut
into pieces less than 3 mm in size and placed in a glass beaker on a hot plate to melt at 220 °C
for 1 hour. The melted metal was stirred with a glass rod with continued heating for 5 mins. As
the molten metal has a viscosity similar to water, mixing by hand for a short period is sufficient
to ensure the Field’s metal alloy is fully mixed. Then the molten Field’s metal was left to cool
at ambient temperature for 5 min, before being poured into a deionized water tank to obtain a
FM alloy block as it rapidly cools and solidifies. 1 wt % of Ga was added into molten FM at
100 °C to prepare Ga-doped FM alloy (its melting point is ~60 °C). The Ga-doped FM and
PDMS were put into a glass beaker placed in an 80 °C water bath with a volume ratio of 1:1
(the PDMS used is a mixture of 90 wt % of SYLGARD 184 silicone elastomer base and 10 wt
% of SYLGARD 184 silicone elastomer curing agent). They were mixed using a high-speed
electric stirrer (rotating speed of 300 rpm) for 5 min. The electric stirrer was equipped with a
flat mixing stick with a cross section of 2 mm by 5 mm. The obtained FM-PDMS dispersion
was then mixed with Ni microparticles (2-5 pm diameter, APC Pure) for 4 min at a rotating
speed of 200 rpm using the electric stirrer. Different FMHE samples had differing Ni: PDMS
mass ratios of 0/0.5/1/2/3:1, denoted as FMHEo/0.5/1/2/3. The volume ratio of PDMS/FM/N1 in
FMHE3; is 1:1:0.34. The mixtures were then degassed in a vacuum chamber for 20 min to
remove air bubbles. Last, it was poured into 3D printed polyurethane moulds and cured at 75
°C for 12 hours to obtain the FMHE samples (Figure 3.2). Prepared samples were cubic (8 mm
by 8 mm by 8 mm) for compression testing and bar-shaped (2 mm by 5 mm by 30 mm) for

stretch testing.

Consistency between samples was ensured by using the same mixing parameters for all

samples, as mixing speed has a large impact on the average metal droplet size and the resistivity
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of the final elastomer [33]. The electric stirrer used was always equipped with the same size
mixing stick (cross section of 2 mm by 5 mm), and mixing was done using consistent rpm and
length of time across all samples (rotating speed of 300 rpm for 5 min to make the FM-PDMS
dispersion, and 4 min at a rotating speed of 200 rpm after Ni was added). 5 samples were made

in the same batch if multiple samples were required for testing.

5 B Parn DO e

Optical image

Figure 3.2 3D schematic of the composition and optical microscope image showing the
surface structure of the FMHE.

Ga was added to FM because it forms a Ga oxide layer on the surface of the FM droplet as it

can provide the lowest Gibbs free energy [34, 35]. This prevents the coalescence of FM

microdroplets during mixing and provides better control over the droplet size.
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3.2.2 SEM and EDS Imaging of FMHE

A Gemini SEM 500 field emission scanning electron microscope was used to obtain scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) images of FMHE
(Figure 3.3 and Figure 3.4). The diameter of the FM particles in FMHE is 15~30 um. Due to
their high (50%) volume fraction, these FM particles are in close contact with one another with
nanometre-wide gaps in between. The EDS image (Figure 3.3A) shows the elemental
distribution of gallium, indium and silicon in FMHEy. The distribution area of gallium overlaps
with that of indium, showing the gallium oxide layer on the surface of the FM particles (also
visible in SEM images (Figure 3.3A and Figure 3.4A). Gallium oxide usually forms on the
surface of gallium based liquid metals. For the gallium-doped FM in this work, the formation
of the gallium oxide layer is due to the fact that this can provide the lowest Gibbs free energy
of the FM droplet [34]. Note that FM particles also existed in the red dotted circles, but they
are attached to the other cross-section of the sample after fracture, as evidenced by the pits in
the red circles in the SEM image (Figure 3.3A). In addition, the residual Ga oxide skin in the
white circles in the EDS image (Figure 3.3B) corresponds to the pits in the SEM image, which

further proves the existence of FM particles in the circles.
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Figure 3.3 (A) Scanning electron microscopy (SEM) and (B) energy dispersive
spectroscopy (EDS) images of the cross-section of FMHEo,.
The pits in the red circles are formed by the removal of FM particles.
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Figure 3.4 (A) SEM and (B) EDS images of the cross section of the FMHE3 sample.
The distribution of Ni, FM and PDMS are represented by their characteristic elements of Ni, In
and Si. The inset shows a close-up SEM image of a spiked Ni particle.

The diameter of the FM particles in FMHE3 is 10 to 20 pum. The spiked Ni microparticles
increase the total volume of the FMHE composite and thus reduce the volume fraction of FM

particles from 50 to 42.8%. They also separate FM particles to prevent them from contacting,
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as indicated by the thick PDMS layer between adjacent FM particles. This is in contrast with
the FM particles in FMHE,, which are in close contact with nanometer-wide gaps in between
because of the absence of the Ni microparticles (Figure 3.3). Because of the presence of the
nickel microparticles, the FMHE3 is expected to have a higher electrical resistivity at zero strain
than that of the FMHE,. The inset in Figure 3.4 shows the microstructure of an individual Ni
particle with numerous spikes on the surface. The low—melting point FM and spiked Ni particles
impart variable electromechanical properties and unconventional electrical strain response to
FMHEs. Ni was chosen as the solid conductive filler as it has been shown to have a much higher
change in conductivity ratio per percentage strain than for iron and copper particles (5 orders

of magnitude greater and 7 orders of magnitude greater, respectively) [33].

3.3 Electrical Properties of the FMHE

3.3.1 Experimental Set-up for Electrical Testing of the FMHE

The electrical properties of the FMHE were tested under mechanical deformation at different
temperatures. A Single Column Mechanical Testing Machine (YK-Y0026, Dongguan Yaoke
Instrument Equipment Co. Ltd., China) was used to compress block samples and stretch bar

!. The block samples were heated using a Thermoelectric Peltier

samples at a speed of 5% min~
chip (TEC1-12706), and the bar samples were heated using an induction heater (dc: 5V, 12 A).
A Voltcraft temperature-measuring instrument (PL-125-T2USB) was wused to record
temperature data, with the thermometer probe attached to the surface of the FMHE sample. A
FLUKE 8845A digital multimeter with a resistance range of 100 mega ohms was used to
measure the resistance and current, with data being recorded through Flukeview forms software.

The multimeter leads were first connected with no sample in between, then the multimeter was

set to relative mode to remove the lead resistance from measurements. The resistance
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measurement resolution of the multimeter as per the data sheet was 100 micro ohms, with

accuracy of measurement of 0.01%. See Figure 3.5 for pictures of the experimental setup.

T . I MTS tensile gripper \
compression plate o
/‘ probe -

Sample

Peltier heater

Induction heate

Electrodes
f : (connected to

MTS compression plate multimeter)

MTS tensile gripper

Figure 3.5 Experimental set up for compression and tensile testing of FMHE.

The thermometer probe was attached to the surface of the samples using stretchable tape. The
grippers and compression plates of the MTS were covered in tape to prevent electrical
connection between the MTS and the samples.

45



3.3.2 Measured Electrical Properties of the FMHE
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Figure 3.6 Resistivity-strain curve of FMHE, at 25 °C and 80 °C.
A negative value of strain represents compression.
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Figure 3.7 Resistivity-strain curve of FMHE3; at 25 °C and 80 °C.
A negative value of strain represents compression.

Figure 3.6 and Figure 3.7 show the resistivity-strain curves of FMHEo and FMHE3; at 25 °C

(FM is solid) and 80 °C (FM is liquid), respectively. Resistivity of the samples, p, was

calculated according to the equation

p=-— (3.1)

where R is the measured resistance of the sample, 1 is the length, and A is the cross-sectional
area. Testing used block samples for compressive measurements and bar samples for tensile
measurements, therefore the resistance for each of the types of sample differs due to their

different cross-sectional area and length.
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The FMHEj has an initial resistivity of 0.105 ohm-m at 25 °C. Under compression, the FM
particles are brought into contact, leading to an exponentially enhanced conductivity. For
FMHE3, the Ni particles serving as spacers increase the initial resistivity to 140 ohm-m. The
reduction in its resistivity under compression is more obvious than that of FMHE)y, indicating
an improved strain sensitivity. During stretching, the FMHE resistivity increases because of
the separation of the FM particles (positive piezoresistivity). Conversely, Ni particles reverse
the piezoresistivity of FMHE3 to negative when stretched. It has previously been shown that
this effect is due to the hybrid conductive particle network and the spiked shape of Ni particles
[36, 37]. Note that although the elastomer studied in this work exhibits the negative
piezoresistive effect previously reported, the presented electro-mechano responsive property
and the self-triggered tunability have not been found before, as elaborated in the following

sections.

The resistivity of the composite mainly depends on the number of electrical connection
pathways in the conductive filler network. Because of its positive Poisson’s ratio, FMHE; is
always compressed in a certain direction under any mechanical load, including stretching. The
FM and Ni particles in FMHE3 then squeeze each other along the compression direction,
leading to a sharp increase in the number of electrical connections, thereby reducing the
resistivity [36]. Furthermore, the protruding spikes of Ni particles allow the fillers to be in
contact with a higher probability when FMHE3 is deformed [31]. As a result, the conductivity
of FMHE:; increases during deformation, showing a much higher strain sensitivity compared

with FMHE,.

At 80 °C, the FM particles melt, increasing the initial resistivity and greatly reducing the strain

sensitivity of the FMHE. The melted FM microdroplets deform along with the PDMS matrix
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under strain, avoiding their close contact under compression and separation under stretching.
The optical microscope images in Figure 3.8 clearly demonstrate the space changes between
FM particles during compression and stretching, as well as their deformation upon melting.
FMHE:; still shows better strain sensitivity than FMHE) as solid Ni particles can squeeze PDMS
layers and form conductive paths.

A Relaxed state m) 20% compressed mm 25 °C P 20% compressed €= 80 °C
n 3 it = o Y g ~ |y g - ¥ - S AT r*

Figure 3.8 Microscope images of the surface of FMHEo showing the space change between
FM particles and their deformation upon melting under (A) compression and (B)
stretching.

Scale bars are 20 um. The yellow rectangles highlight a small section of the FMHE to more
easily see the shape change of selected particles during compression and stretching.

Figure 3.9 depicts the filler network changes in FMHE3; during compression at different
temperatures. At 25 °C, the thickness of the PDMS layers along the conductive pathways (red
curves in Figure 3.9) decreases sharply when compressed, leading to a rapid decrease in

resistivity. At 80 °C, FM melts into droplets, while solid Ni particles can still squeeze PDMS
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layers and form conductive paths. Therefore, the resistivity of FMHE3 gradually decreases

during compression, showing a lower strain sensitivity than that at 25 °C.
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Figure 3.9 Diagram of the change in the filler network of FMHE3 under compression at
25 °C and 80 °C.

The gauge factor of FMHE( and FMHE3; was calculated for temperatures of 25 °C and 80 °C,
as shown in Figure 3.10. Gauge factor (GF = Ap/pe, where p and ¢ are the electrical resistivity
and strain, respectively) quantifies the strain sensitivity of an electrical component. A higher
GF value indicates higher sensitivity, and a positive GF indicates a positive piezoresistive effect.
At 25 °C, FMHE  shows a maximum GF of 34.1 at 5% compressive strain. In contrast, FMHE3
exhibits a higher strain sensitivity with a maximum GF of 70.5. In addition, the negative GF of
FMHE; during stretching shows its special negative piezoresistive effect. At 80 °C, the melting
of FM significantly reduces the strain sensitivity of FMHEs, as indicated by their low GF. The

GFs of FMHE during compression and stretching are only 3.6 and —1.6, respectively. The
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strain sensitivity of FMHE3 also drops sharply after FM melts but remains high. Its GF under

5% compressive and tensile strain is 18.4 and —13.4, respectively, which is much higher than

that of FMHE,.
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Figure 3.10 Gauge factor-strain curves of (A) FMHE and (B) FMHE:3 at 25 °C and 80 °C.

3.3.3 Simulation of Resistivity of FMHE

Simulations of FMHE resistivity were done to compare with the experimental results. (See
Table 3.1 and Figure 3.11). COMSOL Multiphysics 5.2 finite element software was used to
simulate the resistivity of the FMHEo and FMHE; 2D models (150x150 um) during a
compression process at 25 °C and 80 °C. The thickness of the model was set at 1 um. The
models were established based on the SEM images. The sizes of the Ni (2~5 um) and FM
(15~30 um) particles are equal to those in the actual composites. An electrical-mechanical-
thermal coupled multifield model was used to simulate the mechanical deformation and
resistivity of the model. The material parameters of the fillers and PDMS matrix (mainly
including the elastic modulus, Poisson's ratio, conductivity, dielectric constant, and coefficient
of thermal expansion) are consistent with the COMSOL material library. The FM used material

parameters corresponding to the solid or liquid state at 25 °C or 80 °C, respectively. In the
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simulation model, the gallium oxide layer on the surface of the melted FM droplet was omitted.
This is because the thickness of the gallium oxide film is only 1~3 nm [35], which is much
smaller than the diameter of FM droplets (10~20 um). Such a thin oxide layer does not affect
the mechanical deformation of the FM droplets. Additionally, since the conductivity of both the
FM droplet and the gallium oxide is much higher than that of the PDMS matrix, this extremely
thin oxide layer also does not affect the simulation for the resistivity of the composite. The
mechanical deformation and microstructure change of the model were simulated by applying a
fixed displacement load to the upper side of the model. Figure 3.11 shows the boundary
conditions in the simulation. The left and right sides of the 2D model were electrically insulated,
the lower side was grounded, and the current density through the upper side was fixed at 100
A'm?. The resistivity of the FMHE model can be calculated based on the drop in electrical

potential.
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Table 3.1 Details of the COMSOL simulation

Software COMSOL Multiphysics 5.2
Model type Electrical-mechanical-thermal coupled multifield
Dimensions 150 um width
150 um height
1 um thickness
Materials Ni

FM (solid or liquid depending on temperature)
PDMS

Size of particles

Ni: 2-5 um
FM: 15 — 30 pm (based on SEM image)

Ni properties

Electrical conductivity: 13.8x10° S m!
Coefficient of thermal expansion: 13.4x107¢ K!
Young’s modulus: 219x10° Pa

Poisson’s ratio: 0.31

FM properties

Electrical conductivity: 1.9x10° S m’!

Coefficient of thermal expansion: 3x10* K!
Young’s modulus: 9.25 x10° Pa (solid); N/A (liquid)
Poisson’s ratio: 0.44 (solid); 0.5 (liquid)

PDMS properties

Coefficient of thermal expansion: 9x10* K!
Relative permittivity: 2.75

Young’s modulus: 750 kPa

Poisson’s ratio: 0.49

Simulation boundary conditions

Top side: 100 A m™ current density
Bottom side: grounded

Left and right side: electrically insulated
Temperature: 25°C and 80°C

Measurement

Drop in electrical potential between top and bottom
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Figure 3.11 COMSOL simulation set up to determine the resistivity of FMHE.

Labels show the FM particles and Ni particles, with sizing and positioning determined by a
SEM image. The bottom side was grounded, with the top side having a current density of
100A-m™ set to pass through it. The left and right side were electrically insulated. Thickness of
the model was set to 1 um. The colour shows the voltage drop across the simulation.
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Figure 3.12 Simulation results of the electrical potential distribution of FMHE, at
different strains and temperatures.
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A 2D simulation was chosen to do rather than 3D as it is simpler to set up and compute, however
it has some limitations due to its lack of a third dimension. In a 2D simulation, the material is
assumed to be uniform throughout the whole slice. For example, if there is a Ni or FM particle
on the surface, it is assumed in the simulation to continue through the whole thickness of the
slice, with the same shape and dimensions. This is inaccurate as the metal particles are roughly
spherical, so their cross-sectional area will change with depth. Also, in the simulation, where
there is PDMS on the surface, it is assumed to be PDMS in that section through the whole
thickness. This is inaccurate as there may be Ni or FM just below the surface of PDMS. The
depth of the simulation was set to 1 um to try to minimise the effect of the assumptions and get
as accurate as possible simulation results. However, doing a full 3D simulation would give the
most accurate simulation results. Only compression simulation was done because the FMHE

behaved in a similar manner for strain due to compression and tension.

The 2D model can show the microstructural changes and predict the sensitivity of FMHE at
different temperatures (Figure 3.12). The deformation of FM droplets at 80 °C is evident. The
simulated resistivity-strain curves given in Figure 3.13 show higher initial resistivity and lower

sensitivity of FMHE3; at 80 °C, which is consistent with the experimental results.
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Figure 3.13 COMSOL simulation resistivity-strain curves of FMHE3 at 25 °C (blue) and
80 °C (red).

The simulations on FMHE; are also in line with the experimental results. Figure 3.14 shows the
microstructure and electrical potential distribution of FMHEo compressed at 25 °C and 80 °C.
The potential drop when FMHE) is compressed by 8% at 80 °C is similar to that in the relaxed
state, reflecting the relatively stable resistivity when FM melts. In contrast, the voltage drops at
25 °C are very small, corresponding to low resistivity and high strain sensitivity. The resistivity
change in the simulated resistivity—strain curves given in Figure 3.15 is also consistent with the

experimental results.
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Figure 3.14 Simulation results of the electrical potential distribution of FMHE, at
different strains and temperatures.
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Figure 3.15 COMSOL simulation resistivity-strain curves of FMHE, at 25 °C (blue) and
80 °C (red).
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3.3.4 Influence of Conductive Fillers on Electrical Properties of FMHE

The effect of Ni filler content on the electrical properties of FMHE was investigated. This was
done by measuring the resistivity of FMHEo.5/1/23 samples at 25 °C and 80 °C (Figure 3.16).
The initial resistivity and strain sensitivity of the FMHE increase significantly with increasing
Ni content. In addition, the resistivity of FMHE, s decreases by 80% when stretched by 10%,
proving that FMHE can exhibit a negative piezoresistivity during stretching even with only a
small amount of Ni particles. However, Ni particles will also slightly reduce the stability of the
FMHE resistivity, as indicated by the relatively large error bars in Figure 3.16A. Figure 3.16B
compares the resistivity of FMHEo/.5/123 samples at strains of —10%, 0% and 10% when the
FM particles melt. Melting of FM particles shows little influence on the initial resistivity of the
FMHE samples but greatly increases their resistivity under mechanical deformation (i.e.,
reduces their strain sensitivity). When compressed by 10% at 80 °C, the conductivity of

FMHEo0.5/1/2/3 increases by 0.6, 1.1, 2.7, 4.2, and 7 times, respectively.

Interestingly, as Ni content increases, the unstrained resistivity of FMHE increases but
conversely, the strained resistivity decreases. FMHE with increases Ni filler content have
increased resistivity at 0% strain as each of the Ni particles is surrounded by PDMS so do not
have an overall conductive path. Also the increased Ni content increases overall volume of the
FMHE, so the percentage volume of the larger FM particles (which help lower the resistivity
due to their large size and high conductivity), is reduced. When strained, the FMHE with higher
Ni content are more easily able to form conductive paths as there are more Ni particles and less

PDMS between them.
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Figure 3.16 Resistivity of the FMHE with different Ni contents at (A) 25 °C and (B) 80 °C.
The values of the error bars are the standard deviation of the measurement of resistivity of 5
different samples fabricated in the same batch.

FM particle size and volume fraction will also have a large impact on the electrical properties
of FMHE. To investigate this, a set of FMHE3 samples with different average FM particle sizes
and FM contents were made, and their initial resistivities at 25 °C and 80 °C were measured.
The average particle size was measured under a microscope. The results are shown in Figure
3.17. According to Figure 3.17A, the resistivity of FMHE3 will decrease by >10 times when the
average FM particle size is doubled. However, the large particle size also leads to lower
resistivity stability. The FM content also has a significant influence on the electrical
conductivity of FMHE. From Figure 3.17B, when the volume of FM increases by 10%, the
resistivity of FMHE;3 can be reduced by approximately 30 times. Increasing the size of the FM
particles and a higher FM volume fraction both lead to an increased opportunity to form
conductive pathways, which is why the resistivity decreases. For all FMHE; samples, the

melting of FM particles increases their resistivity by 20~40%.
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Figure 3.17 Resistivity of FMHE3 samples with different FM (A) particle sizes and (B)
contents at 25 °C and 80 °C.

The values of the error bars are the standard deviation of the measurement of resistivity of 5
different samples fabricated in the same batch.

3.3.5 Cyclic Testing

The stability of electrical properties of FMHE was tested by cyclic testing of the resistance with
0-20% compression applied 10 times at 25 °C and 80 °C (Figure 3.18). In each compression
cycle, the resistance of FMHE; decreases steadily and basically returns to the initial value. After
10 cycles, the initial resistance increases by approximately 10%. Resistance was continuously
measured and recorded every second using Fluke 8845a digital multimeter and Flukeview

forms software.
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Figure 3.18 Resistance-time curves of FMHE3 over 10 cycles during cyclic loading tests at
25 °C and 80 °C.

3.3.6 Resistance Variation with Temperature

The resistance variation of FMHE with temperature was also investigated, for both heating and
cooling of the block samples (Figure 3.19). As in previous experiments, heating was done with
a thermoelectric chip. To avoid the hysteresis of the sample temperature increase relative to the
chip temperature increase, the chip temperature was increased by about 1 °C for each

measurement, then the sample resistance was taken ~10s after the temperature stabilized.

61



A 100 [ B 108 S
looooooh‘.‘““"“" l‘,gooMooooooo
| I | I
FMHE, [ f'""’“'“ FMHE, | g 000000000 ©
— . I o;JJJJ\NJ‘N"‘N . Cooling | ®goo © 99999
Heating 1 99 N c Al .
1 102 1 'oo! Strain: & 1023 0 0 @ © ;: Strain:
oooooooﬂjj o 0% |01 o 0%
| 1 1 Q
- 0, L . 9
HilS o -10% )| PP &8 ® -10%
A v -20% : | © -20%
10-1 e’ el Jrm' S J_’lj_' L L r 10_1 |. Il r
25 50 75 100 25 50 75 100
Temperature (°C) Temperature (°C)

Figure 3.19 Resistance-temperature curves of the FMHE3 sample under different strains
during (A) heating, (B) cooling.

Mainly because of the thermal expansion of PDMS (expansion rate of 0.034% °C™") [38], the
resistance of FMHE3 samples increases by 20 to 30% when the temperature rises from 25° to
60 °C (Figure 3.19A). As the samples are further heated, the FM particles gradually melt and
deform under pressure, leading to their separation from surrounding conductive particles to
induce a sharp increase in resistivity. The resistance stabilizes when all FM particles are melted.
This resistance change mainly depends on the temperature and is not significantly related to the
heating rate or external mechanical manipulation. The resistance curve of the FMHE3 during
cooling shows a decrease in resistance at a lower temperature compared to that shown during
heating. This is because of a lower solidifying temperature of FM due to supercooling [28, 39].
Under compression, the resistance of the FMHE3; cannot return to its initial value after the FM
resolidifies, as shown by the resistance-temperature curves in a heating-cooling cycle under
10% compressive strain (Figure 3.20). Because the FMHE; sample is compressed, the FM
droplets will solidify in a deformed shape during cooling. This increases the distance between

conductive particles, leading to a higher initial resistance at 25 °C.
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Figure 3.20 Resistance-temperature curves of the FMHE3 sample under 10% compressive
strain during heating and cooling.

For comparison, Figure 3.21 gives the resistance-temperature curves for FMHEo, which shows
a similar shaped curve, with a sharp increase in resistivity when FM melts, and a slight increase

with temperature when the FM is solid or liquid.
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Figure 3.21 Resistance-temperature curves of the FMHEo sample under different strains
during heating

Due to the significant thermal expansion of polymer matrices, most conductive elastomers
exhibit a positive temperature coefficient, that is, their resistance increases with temperature.
The thermal expansion rate of PDMS is 0.034% °C! [38]. As a result, the FMHE3 samples in
this work expand by around 0.8% when heated from 25 °C to 60 °C. In metal-polymer
conductive composites, their resistance depends on the contact resistance between metal
microparticles, i.e., the electron tunnelling probability between them, which is extremely
sensitive to particle spacing [31]. Therefore, even an expansion of 0.8% can also lead to the
separation of metal particles in the FMHE and a significant increase (>20%) in electrical
resistance. When a FMHE; sample is placed in a copper mould to prevent its expansion, its
resistance increases by only <3% when heated to 60 °C. This proves that the resistance increase
of FMHE during heating mainly corresponds to the expansion of PDMS. Furthermore, the

electrical resistance of metal fillers in FMHE increases by about 14% when heated to 60 °C due
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to their positive temperature coefficient of ~0.004/°C. However, the resistance of FMHE mainly
depends on the contact resistance between the conductive particles rather than the very low
resistance of the metal particles themselves. Therefore, this is not the main factor affecting the

resistance change of FMHE during heating.

3.3.7 Measurement of Supercooling
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Figure 3.22 Differential scanning calorimetry (DSC) curve of the (A) pure FM alloy and
(B) Ga (1 wt%)- doped FM alloy

Supercooling is the lowing the temperature of a liquid below its melting point without it
solidifying [40], with supercooling degree the degrees temperature below the melting point the
liquid reaches before it solidifies. To measure the supercooling of Field’s metal, a differential
scanning calorimeter (DSC3+ Mettler Toledo) was used to measure the melting and
solidification temperatures. Measurement was done from 25 °C to 80 °C, and heating and
cooling rates were both set to 5 °C per minute. According to the DSC curve (Figure 3.22), the
melting and freezing points of pure FM are 61.4 and 54.4 °C, respectively, showing a
supercooling degree of 7 °C. As a comparison, the melting and freezing points of Ga-doped FM
are 59.4 and 51.1 °C, respectively, showing a lower phase transition temperature and a more

pronounced supercooling effect (supercooling degree of 8.3 °C).
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3.4 Mechanical and Electromechanical Properties of the FMHE

3.4.1 Measurement of Mechanical and Electromechanical Properties of FMHE

In addition to the temperature-dependent electrical properties, the FMHE samples also exhibit
variable mechanical properties. The MTS was used to compress or stretch the block or bar
FMHE samples at a speed of 3% min !, with heating applied and temperature measured as in
previous experiments. Block samples for compression were heated using a Peltier module, bar
samples for tensile testing were heated using an inductive heater. The temperature of the
samples was measured using a digital thermometer with measurement probes contacting the
surface of the FMHE. The FMHE samples were compressed or stretched at 25 °C, then heated
to 80 °C while strained, then compressed or stretched again. Heating from 25 °C to 80 °C took
~1 minute for the block sample and ~2 minutes for the bar sample. Figure 3.23 and Figure 3.24
presents the stress-strain curves for the FMHE; at different temperatures, showing stress

softening of ~67% when FM melts.
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Figure 3.23 Stress-strain curves of the FMHE3 at different temperatures during
compression.
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Figure 3.24 Stress-strain curves of the FMHEs3 at different temperatures during
stretching.

During the experiment, the sample is heated to 80 °C while it is under stress. After the FM
particles melt, the stress curve immediately moves to overlap the stress-strain curve at 80 °C.
The stress-strain curves demonstrate that FMHE3 exhibits elastic hysteresis behaviour in both
tension and compression. The elastic hysteresis is lower at 80 °C due to reduced frictional

energy losses. [41].

The stress-strain curves of FMHE (Figure 3.25) indicate its similar variable stiffness effect;
however, it can be an order of magnitude softer at 80 °C. As the temperature increases from 25
°C to 80 °C, its stress at 30% compressive and tensile strain drops by 89.8% and 86.8%,
respectively. When heated during compression/stretching, the stress curves before and after FM

melting also overlap with its stress curves at 25 °C and 80 °C, respectively.
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Figure 3.25 Stress-strain curves of FMHEo at different temperatures during (A)
compression and (B) stretching.

To study the mechanical stability of FMHE3 under cyclic loads, cyclic compression/stretching
was performed on FMHE; samples at 25 °C and 80 °C for 6 cycles. Strain rate was 3% min™,
and maximum strain was 20% compressive and 30% tensile (Figure 3.26). Each graph shows
more obvious elastic hysteresis in the first cycle (larger elastic hysteresis loop). Their stress
curves closely overlap in the subsequent cycles, exhibiting good mechanical stability. After
changing the temperature, the curves also overlap after the first cycle. In addition, when FM
melts at 80 °C, the elastic hysteresis of FMHE3 is significantly weakened, indicating lower
energy dissipation. When loaded at 25 °C, the deformation of the filler network in the FMHE
composite results in a position change of the non- deformable solid FM particles. During this
process, friction between solid particles as well as between particles and the polymer matrix
results in significant energy losses [41]. On the other hand, when loaded at 80 °C, the liquid
FM droplets can deform along with the matrix with almost no frictional energy loss. In addition,
the deformation of the FM droplet also relieves the actual strain in the polymer matrix, thereby
reducing the internal friction loss of the matrix. Overall, FMHE; shows a high degree of

mechanical stability at both low and high temperatures.
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Figure 3.26 Cyclic stress-strain curves of FMHE3 under different conditions.
(A) compression at 25 °C; (B), compression at 80 °C; (C) stretching at 25 °C; (D) stretching at

80 °C.

3.4.2 Simulation of Mechanical Properties

36

A COMSOL simulation of the mechanical properties of FMHEo and FMHE; was done to

compare with the experimental results. The simulation settings were the same as previously

described (see Table 3.1 and Figure 3.11), additionally another boundary condition was added

to compress the FMHE longitudinally by 10%. The stress distribution was calculated at 25°C

and 80°C. The results are shown in Figure 3.27.
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Figure 3.27 Simulation results of the stress distribution of the FMHEo and FMHE3
compressed by 10% at 25 °C and 80 °C.

Under compression at 25 °C, the stress is primarily distributed in solid FM particles (red
colour). At 80 °C, FM melts into droplets with the internal stress approaching zero (blue

colour)—this explains the corresponding stress reduction.

The compressive modulus of FMHE was calculated using the roughly linear section of the slope

of the stress-strain data for compression during cycles 2-6 (Figure 3.26A and B). The simulated
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stress distribution also gives a simulated compressive modulus. The measured and simulated

modulus of FMHEqs; at 25 °C and 80 °C are shown in Figure 3.28.
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Figure 3.28 (A) Simulated and (B) measured compressive modulus of FMHE¢ and FMHE3
at 25 °C and 80 °C.

The values of the error bars are the standard deviation of the modulus for the same sample for
five measurements.

The simulation results are very similar to the experimental results, showing a difference in value
of less than 5%. After FM melts, the modulus of the FMHE, and FMHE; decrease by 89 and

62%, respectively, indicating a more pronounced stiffness reduction in FMHEy.

3.4.3 Ni only Elastomer

To verify that the variable stiffness effect of the FMHE results from the phase transition of FM
when the temperature changes, elastomers with Ni particles only (no FM) were prepared,
denoted as NiEs. The mass ratio of Ni particles to the PDMS matrix of these samples was 3:1,
which is consistent with that of FMHE3. Compression and stretching at different temperatures

were performed at 3% strain min™'. The stress-strain curves for NiE3 at 25° and 80 °C are only
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marginally different (Figure 3.29), indicating that the variable stiffness effect of FMHE is

independent of the Ni particles and the PDMS matrix, and that it is caused by the phase

transition of FM.
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Figure 3.29 Stress-strain curves of NiE3 at 25 °C and 80 °C during (A) compression and
(B) stretching.

3.4.4 Ni Effect on Mechanical Properties

To investigate the influence of Ni particles on the variable mechanical properties of the FMHE,
the elastic modulus and tensile limits of the FMHE with different Ni contents was measured at
25 °C and 80 °C. The elastic modulus of the FMHE can be calculated from the roughly linear

part of the slope of its stress—strain curve. For tensile limit testing, 5 bar samples of each type

were stretched at 5% min™' until break.
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Figure 3.30 The (A) compressive modulus, (B) tensile modulus, and (C) tensile limit of the
FMHE with different Ni contents at 25 °C and 80 °C.

The values of the error bars for the compressive and tensile modulus are the standard deviation
of the modulus for the same sample for five measurements. The values for the error bars for the
tensile limit are for 5 samples fabricated in the same batch.

Figure 3.30A shows the compressive modulus of FMHEo.5/1/2/3 and NiE3 at 25 °C and 80 °C.
At room temperature, the compressive modulus of the FMHE increases with Ni content from
3.95 MPa (FMHEy) to 6.14 MPa (FMHE3) because of the increase in the solid filler volume
fraction. When FM melts, the FMHE with a lower Ni content shows a more significant softening
effect upon heating. For instance, the compressive modulus of FMHE( decreases by 9.5 times
to only 418 kPa at 80 °C, which is even lower than that of the PDMS matrix used (~1.0 MPa).
In contrast, the compressive modulus of FMHE; decreases by only 61% when FM melts
because Ni particles increase the stiffness of the FMHE at both low and high temperatures. For
NiEgs, its compressive modulus at 25 °C and 80 °C differs by only 2.8%, which again proves
that the variable stiffness effect of the FMHE is independent of the PDMS matrix and Ni
particles. For the tensile modulus shown in Figure 3.30B, with increasing Ni content, the FMHE
shows an increased modulus and weakened variable stiffness effect. The tensile modulus of
FMHE, and FMHE; at 25 °C is 4.7 and 2.3 times that at 80 °C, respectively. Furthermore, the
melting of FM can also improve the stretchability of the FMHE. From Figure 3.30C, the FMHEo

bar will break at an average tensile strain of 76% at room temperature. After FM melts, it can
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be stretched by up to 110%. With the increase in Ni content, the stretchability of the FMHE
decreases but can still be improved at a high temperature. The average tensile limit of FMHE3

18 60.8% at 25 °C and can increase to 85.4% at 80 °C.

3.4.5 Effect of FM Particle size and Volume Fraction on Mechanical Properties

The effect of FM particle size and volume fraction on the mechanical properties of FMHE were
also measured. The previously made FMHE3; samples with different average FM particle sizes
and FM contents were used again. Their compressive moduli at 25 °C and 80 °C were measured
and compared, as shown in Figure 3.31. The elastic modulus of FMHEj3; increases with the FM
particle size and content at 25 °C but shows the opposite trend at 80 °C. This means that FMHE3
with a larger FM particle size and higher FM content has a more obvious variable stiffness

effect.

oo
ve)
o

A
= 25°C m 80°C m 25°C m 80°C

Elastic modulus (MPa)
S

Elastic modulus (MPa)
SN

o
1

o
L

10 pym 20 um 40 um 09:1 1.0:1 1.1:1
Average FM particle size FM/PDMS volume ratio

Figure 3.31 Elastic modulus of FMHE3 samples with different FM (A) particle sizes and
(B) contents at 25 °C and 80 °C.

The values of the error bars are the standard deviation of the modulus for the same sample for
five measurements.
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3.4.6 Self-Responsive Stiffness Tuning

The unusual electromechanical properties of the FMHE can be harnessed to achieve a self-
responsive stiffness tuning effect. When a DC voltage is applied across the FMHE and it is
compressed, its conductivity increases with compression, so the current passing through it
increases too. The current passing through it causes its temperature to increase by Joule heating,
which can cause the FM to melt. Testing was done with 5V and fast compression (12% min™!)
or 3V and slower strain (6% min™'). A FMHEj; sample with dimension of 8§ mm x 10 mm x 10
mm was used. The experimental setup is shown in Figure 3.32. Figure 3.33 gives the measured
stress-strain curves for the two conditions. Figure 3.34 shows changes of current through the

sample and its temperature for the two cases.

Compression jigs

F ¥

EMHE vee

Electrically heated
during compression

Figure 3.32 Experimental setup for applying a fixed voltage on an FMHE3; sample during
compression.
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Figure 3.33 Variable stiffness stress-strain curves of the FMHE3 powered by a fixed
voltage during compression.
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Figure 3.34 Current-strain and temperature-strain curves of the FMHE3 powered by a
fixed voltage during compression with different voltages and compression speeds of (A)
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The blue and red shaded regions correspond to the solidification and melting state of FM,

respectively.

At low strain, the current passing through the sample is low because of its high resistance. With

an increase in strain, the resistance decreases until the current is high enough to melt the FM.
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This then causes a sharp decrease in stiffness and a rapid fall of stress. Figure 3.19A shows that
melting the FM causes the resistance to increase, reducing the current and preventing a further
rise in temperature. Under further compression, the current increases slowly again to maintain
the melting of FM. The timing and speed of stiffness reduction of FMHE samples can be
controlled by voltage and compression speed applied to them, as shown in Figure 3.34. A higher
voltage can reduce the required strain for melting FM, as reflected by the earlier softening
indicated by the red curve given in Figure 3.33 and the lower critical strain shown in Figure
3.34B. A fast compression speed will accelerate the stiffness change process. Due to the lag of
the temperature rise of the sample relative to its resistance increase, a faster compression speed
can lead to a higher current and heating power before FM starts melting, leading to a higher
temperature of FMHE samples. This is shown in the comparison of maximum temperatures at
different voltages and compression speeds; see Figure 3.35. The maximum temperature of the
sample compressed at 6% min™! is 69.3 °C, while that of the sample compressed at 12% min’!
is 80.7 °C. Higher temperatures can melt FM particles faster, resulting in a rapid reduction in

stiffness, as indicated by the rapidly decreasing red stress curve given in Figure 3.33.
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Figure 3.35 The maximum temperatures of FMHE3 samples powered by a fixed voltage
during compression with different voltages and compression speeds.
Error bars are given by the error on temperature measurement for the digital thermometer used.

3.5 Applications of the FMHE

3.5.1 Compliance Unit

The unconventional electromechanical properties of the FMHE can solve many practical
engineering challenges. To demonstrate its capabilities, its self-triggered variable stiffness
property was used to develop a compliance compensation unit. Such a device could help a
robotic manipulator to compensate for positional errors through its deformation, thereby
preventing damage to tools or workpieces in tasks involving uncertain operational
environments and complex contact scenarios. This is the key to robotic manipulation requiring

a high-level dexterity where motions and positions must be compensated on multiple axes [42,
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43]. However, state-of-the-art devices cannot provide adjustable stiffness and therefore have
limited compensation ability. The FMHE variable stiffness compensator can realize
compression, bending, and torsion with variable and adjustable stiffness, overcoming
limitations of previous designs. Figure 3.36 illustrates the structure of this device and a robotic

manipulator equipped with it (see Figure 3.37 for the detailed structure).

'y

Variable stiffness unit Manipulator

Figure 3.36 (A) Schematic diagram and optical image of the FMHE compensation unit.
(B) Photograph of the servomotor-driven manipulator equipped with a compensator.
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Figure 3.37 Compensation unit diagram and pictures.

(A) Top view of the FMHE variable stiffness unit, showing the positions of the three FMHE
columns. (B) Optical image of the FMHE column. (C) FM leakage of the FMHE, variable
stiffness unit after being compressed by 60% at 80 °C. (D) The FMHE variable stiffness unit
encapsulated with a thermochromic Ecoflex layer.

Figure 3.37, A and B shows the distribution and size of the FMHE; columns. Three FMHE3
columns (®10.6x11 mm) are arranged in an equilateral triangle and sandwiched between two
electrode plates which are used to apply voltages. Each FMHE column consists of three pieces
of FMHE;3 samples of ~3mm thickness with two alternately stacked gaskets. During fabrication
of solid filler elastomer composites, sedimentation of solid fillers can occur due to their greater
density during elastomer curing [44]. Thinner samples lessens the thickness of elastomer with
reduced filler content if any sedimentation occurs- this is why the FMHE column had 3 pieces

of 3 mm thickness.

The structure of the robotic manipulator equipped with the FMHE variable stiffness
compensation unit is shown in Figure 3.36B. From top to bottom are the manipulator, the
FMHE variable stiffness unit and a digital servo motor (DSSrevo DS3230), with a blocked-
rotor torque of 3 N-m. According to Figure 3.28B, FMHE( has a more significant variable
stiffness effect than FMHEs3. Theoretically, the variable stiffness unit based on FMHE( can
obtain a higher blocked-rotor angle. However, FMHE3 was chosen to use because of the FM

leakage of FMHE( during compression at a high temperature. As shown in Figure 3.3, the
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PDMS layer between adjacent FM particles in FMHE is very thin. At a high temperature, these
thin PDMS layers can rupture at a compressive strain of > 55%, causing leakage of melted FM
(see Figure 3.37C). In contrast, the PDMS layer in FMHE3 is much thicker, so there is almost

no FM leakage during deformation.

A thermochromic Ecoflex layer was encapsulated on the FMHE; columns in the variable
stiffness unit, as shown in Figure 3.37D. This encapsulation layer can not only avoid FM
leakage but also indicate the working state of the FMHE compensation unit, showing its
high/low stiffness state by different colours. The thermochromic elastomer is Ecoflex filled
with thermochromic powder. Ecoflex was used as the matrix because of its high stretchability
and compliance. The thermochromic powder is composed of spherical particles with a diameter
of 2 to 7 um. Its colour changes when the temperature rises above the activation temperature
and reversibly changes back to its original colour when the temperature recovers. The
thermochromic powder used in this work is purple below 49 °C, blue between 49 °C and 60 °C,
and white above 60 °C. The thermochromic powder was mixed into Ecoflex with a mass
fraction of 2.5%, and the mixture was degassed in a vacuum chamber for 20 min. Ecoflex is a
mixture of Ecoflex part A and part B with a mass ratio of 1:1. The FMHE column was immersed
in a mould filled with the mixture and cured at room temperature for 3 hours to form a
thermochromic Ecoflex encapsulation layer on the surface. The thickness of the thermochromic

encapsulation layer was about 0.5 mm.

The FMHE self-triggered variable stiffness compensation unit was tested under compression
and bending. It was compressed at a speed of 0.4 mm-min! (using the MTS) and bent at a speed
of 2° min™! (using the servo). The FMHE compensation unit was powered by 5V. It was first

tested with the power off (no heating or stiffness change). It was then tested with the 5V power
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on to change in temperature with strain. It was also tested when preheated to 80 °C. A CAT S60

FLIR infrared thermal camera was used to measure the temperature.

Figure 3.38 shows the results of the variable stiffness compensation unit tests. At room
temperature (with heating power off), its compression force basically increases linearly with
compression distance to 286 N at 1.5 mm, with a stiffness coefficient of 191 kN-m™'. At 80 °C,
the force at 1.5 mm drops to 130 N, showing a lower stiffness coefficient of 86.7 kN-m™!. With
5 V supplied to the FMHE compliance unit during compression, its stiffness automatically
decreases under critical deformation because of the melting of FM. The initial resistance of the
compensation unit is ~100 ohm. As the force increases to 83 N at 0.6 mm, its resistance drops
to 2.5 ohm, and its temperature reaches 60 °C. Its stiffness then decreases with the melting of
FM, as shown in the yellow force—distance curve in Figure 3.38A. As the compression distance
increases from 0.7 mm to 1.5 mm, the compensation unit maintains a temperature of ~75 °C
and a low stiffness coefficient of 44 kN-m!. For the case of bending (Figure 3.38B), the
compensation unit also shows a similar variable stiffness phenomenon. It has bending stiffness
coefficients of 0.413 N-m/° and 0.193 N-m/° at 25 °C and 80 °C, respectively. When powered
by a 5 V supply during bending, its temperature rises to 75 °C at a bending degree of 3.7°. After
that, its bending moment increases slightly, showing a bending stiffness close to 0. After the
bending angle reached 7.3°, its bending moment curve intersects and overlaps with the curve at
80 °C. If the ambient temperature is higher or lower than 25 °C, then the time the FMHE takes
to heat up to 80 °C or cool down is affected slightly. For lower ambient temperatures, FMHE
cooling is faster, but it takes slightly longer to reach 80 °C. For higher ambient temperatures,

FMHE is quicker to reach 80 °C when heated but cools down a little slower.
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Figure 3.38 (A) Force-distance curves of the compensation unit at different temperatures
during compression. (B) Moment-degree curves of the compensation unit at different
temperatures during bending.

The FMHE compensation unit was mounted on the wrist of a robotic manipulator driven by a
digital servomotor to enable multiaxis compliance (Figure 3.36B). The axis of the servo motor
is perpendicular to the compensation unit axis. Therefore, the manipulator swings back and
forth when the servo motor is activated. A manipulator without the FMHE unit will get stuck
when encountering obstacles during its swing, causing an immediate blocked rotor and damage
to the servo motor. This will lead to high internal mechanical stress and overheating of the servo
motor, which will cause damage. After being equipped with the flexible FMHE compensation
unit, this problem can be solved. When no voltage is applied to the compensation unit, the
torque—time and current—time curves of the servo motor after the manipulator is stuck are shown
in Figure 3.39. The servo motor rotates at a constant speed of 0.54°-s™! with an initial working
current of 0.17 A at 0 s. Since the temperature of the FMHE unit remains unchanged, its bending
stiffness is constant at 0.413 N-m/°. With the rotation of the servo motor, the bending angle and

moment of the FMHE unit increase, resulting in an increase in the torque and current of the
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servo motor. At 13.5 s, its torque reaches the blocked-rotor torque of 3 N-m, and the current

increases to 2 A, showing a bending compensation angle of 7.3°.

Torque (N-m)

@ Torque (N-m)

o

0° 00
o o

o o

00 00

o o

9 00 . : —_ [¢]
9 Bending compensation 6 = 7.3
0 $a°
0

4 8 12 16
Time (s)

2.4

Figure 3.39 Torque-time and current-time curves of the digital servomotor that drives a
robotic manipulator equipped with the compensation unit, when the manipulator is stuck,
the compensation unit is powered by 0 V.
The blue and red shaded regions correspond to the normal operation and blocked rotor state
(the servomotor is blocked due to excessive torque) respectively.
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Figure 3.40 Torque-time and current-time curves of the digital servomotor that drives a
robotic manipulator equipped with the compensation unit, when the manipulator is stuck,
the compensation unit is powered by 5 V.

The blue and red shaded regions correspond to the normal operation and blocked rotor state
(the servomotor is blocked due to excessive torque) respectively. The inset shows a photo of
the bent compensation unit.

When powered by a 5 V supply, the compensation unit softens at a bending angle of 4.9°,
delaying the time for the servo motor to reach the blocked-rotor torque. This thereby further
increases the bending compensation angle of the compensation unit to 16.5° (see Figure 3.40).
The thermochromic elastomer encapsulation layer on the FMHE; columns can indicate the
working state of the compensation unit. The colours of the encapsulation layer at <49 °C, 49~60
°C and > 60 °C are purple, blue, and white, respectively. From Figure 3.40 and Figure 3.41, the
initial temperature of the FMHE unit is 26 °C with a purple encapsulation layer. At 6 s, the

encapsulation layer turns blue, indicating that the FMHE columns have been heated and FM is
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about to melt. From 7 s to 16 s, the torque of the servo motor is basically unchanged,
corresponding to the 0-stiffness section of the yellow bending moment curve given in Figure
3.38B. After that, the torque increases slowly with the angle of the servo motor, and the
encapsulation layer remains white, indicating that the FMHE unit is in the low stiffness state.

At 30.5 s, the servo motor stops rotating at a blocked-rotor angle of 16.5°.

Figure 3.41 Photographs of the thermochromic elastomer-encapsulated FMHE
compensator at different temperatures.

The thermochromic pigment in the elastomer changes colour with temperature. It is purple
below 49 °C, blue between 49 °C to 60 °C, and white above 60 °C. Scale bars are 1 cm.

Compared to state-of-the-art rubber-based compensators, the FMHE-based units show an order

of magnitude improved capability (bending angle of 16.5° over 1.1° of existing commercial
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systems, e.g., Schunk FUS unit). To illustrate this advantage, the FMHE compensator is shown
to prevent the manipulator from damage in complex operational environments (see Figure
3.42). When a manipulator with no FMHE compensator encountered an obstacle (the red metal
block in the lower left corner of photos) during operation, it immediately got stuck. This can
cause damage to the drive servo motor due to the surge of current (Figure 3.42A). After
installing a FMHE compensator, the compensator gradually bends to avoid jamming the
manipulator (Figure 3.42B). As its bending angle increases, the compensator self-triggers to

reduce its stiffness. It then bends further to allow the manipulator to go around the obstacle.

A Rotation B

| Compensator
bends 16° to
avoid damage

Manipulator gets
stuck and damages
the servo motor 3

Figure 3.42 Photos of a robotic manipulator installed (A) without and (B) with an FMHE
compensator when it is blocked by an obstacle (the red metal block) during operation.

Critically, in addition to bending, the FMHE compensator can also compensate for compressive
and torsional movements. Such a multiaxis unit with self-adjusting stiffness and a large
compensation range can bring unprecedented flexibility to robotic manipulators, greatly

reducing hardware and software costs.
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3.5.2 FMHE Resettable Fuse

Additionally, a highly compact, resettable, current-liming fuse based on the FMHE is presented.
The fuse utilises the variable resistance of FMHE. In many electronic devices, electrical current
rapidly increases in case of a short-circuit or component fault, resulting in overheating and
damage to the device. Traditional current-limiting fuses are usually not reusable. State-of-the-
art resettable fuses, such as dielectrophoresis-operated fuses [45], liquid metal fuses based on
the pinch effect [46], or polymeric positive temperature coefficient (PPTC) fuses [47], have
very limited application scopes because of their complex structure, large size (>10 mm), or long
response time (>1 s). The FMHE fuse design addresses all these drawbacks. As shown in Figure
3.43, the main structure of the fuse is a 3D printed polycarbonate holder with a trapezoidal
groove that attaches two copper electrodes on both sides. An FMHE3 block larger than the
trapezoidal groove is then squeezed into the groove with adjustable compressive strain to
achieve different initial resistances and adjustable fusing currents from 0.1 to 10 A. Last, the
device is encapsulated by a layer of thermochromic elastomer to enhance the structural

durability and visually indicate the working state.
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Figure 3.43 Schematic diagram of the FMHE resettable fuse

A servomotor was used as a case study. A FMHE fuse (2 mm by 3 mm by 3 mm) was connected
in series with the servomotor with a circuit voltage of 6 V. The compressive strain of the
FMHE;3; block was set to 25% to adjust the fusing current to ~1 A. Before use, the FMHE fuse
was heated and cooled three times to achieve stable resistance-temperature behaviour (see

Figure 3.44).
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Figure 3.44 Resistance-temperature curve of the FMHE fuse in a heating-cooling cycle.

The resistance was 0.51 ohm at 25 °C and reversibly increased to 255 ohms when heated to 70
°C. Figure 3.45 shows the current passing through the FMHE fuse and its temperature change
over time. The temperature for the fuse to blow cannot be changed as it depends on the melting

point of Field’s metal.
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Figure 3.45 Current-time and temperature-time curves of the FMHE fuse during
operation/after the blocking of the servomotor. The fourth inset shows a photo of a FMHE
fuse without the encapsulation layer.

At first, the servomotor worked normally with a circuit current of 0.17 A. At 1.5 s, the
servomotor was manually blocked from rotating, raising the current to 2 A. The FMHE fuse
then rapidly heated up at an initial rate of ~60 °C-s™! because of its low volumetric heat capacity
(2.06 J-cm3-K™!) and high heating power (2 W) (see calculation below). The colour of the
thermochromic encapsulation layer changed to blue to warn the user. After reaching 69 °C at
2.3 s, the fuse resistance rapidly increased by 500 times. The encapsulation layer turned white,
indicating the blown fuse state, while the corresponding current dropped rapidly to 23 mA to
protect the servomotor. When the FMHE fuse cooled back to <50 °C, the encapsulation layer
turned purple, indicating that it can be used again. As the fuse therefore allows high current to
flow through it again, a secondary switch would be required in real world applications to

prevent a situation where the fuse is repeatedly blown then cooled.

The volumetric heat capacity describes the ability of a unit volume of a material to store internal
energy when undergoing a given temperature change (without undergoing a phase transition).
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It is the product of the material density and the specific heat capacity. The volumetric heat
capacity of the FMHE is equal to the volume-weighted average of the volumetric heat capacities
of the individual components (see Table 3.2). The volume ratio of PDMS, Ni particles and FM
in FMHE3 is 1:0.337:1. According to the density and specific heat capacity of each material in
the following table, the volumetric heat capacity of FMHE; is calculated to be 2.06 J-cm™ K.
The heating rate of the FMHE fuse when the servo motor is blocked can also be calculated. In
Figure 3.45, the current passing through the FMHE fuse is 2.0 A after blocking. Since the
resistance of the FMHE fuse is 0.51 ohm, its initial heating power will be 2.04 W (P = R-1?).
According to the size of the FMHE block in the FMHE fuse (2x2x3 mm), it will be heated at a
theoretical rate of ~82.5 °C-s™! (2.04 W/[(0.012 cm® )-(2.06 J-cm™ -K™! )]). Due to the heat
dissipation through the copper electrodes and current reduction, the actual heating rate between

1.5 s and 2 s is about 50 °C-s™! (Figure 3.45).

Table 3.2 Density, specific heat capacity and volumetric heat capacity of raw materials for
FMHEs.

PDMS | Ni In Bi Sn Ga Field’s

Metal

Density (gcm®) |1 8.9 7.3 9.8 7.28 5.9 7.90
Specific heat | 1.46 0.447 0.23 0.3 0.228 0.37 0.255

capacity (Jg* K?)
Volumetric heat | 1.46 3.98 1.679 2.94 1.66 2.18 2.01
capacity (J cm
K1)

Figure 3.46 and Figure 3.47 compares the current/temperature change of the blocked
servomotor equipped with the FMHE fuse and a commercial PPTC-resettable fuse (Littelfuse
1206L050 resettable PPTC fuse; maximum voltage: 6 V; trip current: 1.0 A). The infrared

thermal camera was used to measure the temperature.
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Figure 3.46 Current-time curve of the servomotor equipped with the FMHE fuse and a
commercial PPTC fuse after the servomotor is blocked
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Figure 3.47 Casing temperature-time curves of the servomotor equipped with the FMHE
fuse and a commercial PPTC fuse after the servomotor is blocked.

The commercial resettable fuse took 3.2 s to blow. The casing temperature of the servomotor

rose to 83 °C during this period, causing irreversible damage. When the FMHE fuse was used,
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the current was limited to <100 mA in 0.9 s after the fault, limiting the casing temperature to

58 °C. Such a quick response effectively protects the servomotor from any damage.

To demonstrate the reusability of the FMHE fuse, a 20-cycle fuse blow test was undertaken. Its
current-time and temperature-time curves are shown in Figure 3.48. In each cycle, the FMHE
fuse was blown within 1 s after the servomotor is blocked. It cools to 50 °C under ambient
temperature in ~14 s, with its resistance recovering to ~0.6 ohm to reconnect the circuit
(corresponding to the blue shaded region in Figure 3.48). This cyclic test shows the fast

response and recovery speed of the FMHE-resettable fuse and its excellent cyclic stability.
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Figure 3.48 Cyclic testing of a FMHE fuse.

By reducing the size of the FMHE resettable fuse, its heating rate during short circuit can be
significantly improved due to its higher heating power per unit volume, resulting in a faster
response. To demonstrate this, a smaller FMHE fuse with FMHE block size of 1x1x1 mm was
created. The FMHE block was pre-compressed by 30% to obtain an initial resistance of ~0.4
ohm and a high fusing resistance of >800 ohm. Figure 3.49A shows its current-time curve at
blowing. The FMHE fuse was connected in series in a circuit with a working voltage of 6 V
and a working current of 0.18 A. At 60 ms, the circuit is manually short-circuited with a fault
current of 2 A. With a volumetric heat capacity of 2.06 J-cm™-K™! and a heating power of 1.6

W, the FMHE fuse is heated rapidly at a theoretical rate of 0.75 °C-m s’!. At 145 ms, the
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resistance of the FMHE fuse increases by 2000 times and the current is limited to <10 mA,
showing a response time of only 85 ms. Such a fast response speed outperforms state-of-the-art
commercial and laboratory prototype PPTC resettable fuses. According to Figure 3.49B, the
response time of commercial chip resettable fuses with the same working voltage (6 V) and
fusing current (1 A) as FMHE fuses is above 1 s. Some reported thermoresponsive fuses can
achieve fast response <ls [47, 48], but their size is much larger than that of FMHE fuses. In
conclusion, the FMHE resettable fuse in this work exhibits 10 times faster response and >10

times smaller dimension than state-of-the-art products.
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Figure 3.49 A smaller FMHEs3 resettable current-limiting fuse.

(A) Current-time curve of the small FMHE fuse at blowing. The blue, red and grey areas
correspond to the normal, short circuit and blown fuse states respectively. (B) Response time
and the dimension of the small FMHE fuse compared to other reported [47-49] and commercial
(JDTFUSE™ ASMD1206-050, Littelfuse™ 1206L050, Littelfuse™ RHEF050) resettable
fuses. The dimension on the y-axis refers to the area of these chip fuses. The short circuit current
during the test is twice the fusing current of each fuse.

Crucially, the unique mechano-responsive property of the FMHE fuse enables a wide range of

adjustable fusing currents on the same device, offering vast versatility and functionality that

has never been possible before.
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3.6 Summary

In summary, a new type of electro-mechano responsive elastomer, FMHE, has been created that
exhibits variable electromechanical properties. Its unconventional negative piezoresistivity,
tunable resistivity, strain sensitivity, and stiffness is showcased through experiments and
numerical simulations. By combining the high strain sensitivity and variable resistance/stiffness
of the FMHE, a variable stiffness compensation unit is developed that can deform to protect a
robotic manipulator from excessive compressive, bending, and torsional movements. The unit
can adjust its stiffness under deformations without external control, offering an order of
magnitude wider protection range than previous state-of-the-art. To underscore the broad
applicability of the design, a FMHE resettable fuse that offers adjustable fusing currents while
significantly outperforming state-of-the-art solutions in terms of compactness, range of
operating current, and response speed is also demonstrated. This material family shows great

potential in next-generation intelligent and resilient robotics and electronics.
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4. Capillary Liquid Metal Muscles

4.1 Introduction

There is a growing interest in artificial muscles as an alternative to electric motors for
force/movement in various devices. This is due to the unique, bioinspired form factors that are
possible using artificial muscles over conventional motors. Such artificial muscles include those
made with coiled nylon fishing wire [1], pneumatic braided mesh [2], shape memory alloy [3],
shape memory polymer [4] and high voltage electrostatic actuators [5]. However, each of these
has drawbacks (such as slow response time, large pumps/compressors required, thermal

heating, and high operating voltage), reducing their potential for more widespread use.

Liquid based muscles are a particularly compelling option for soft robotic devices due to
liquid’s inherent deformability and its ability to transfer pressure effectively. Fluid based
actuation options include pumping of liquid- such as for electro conjugate fluid pumps, which
uses high voltage to pump a dielectric fluid [6, 7]. Alternatively, electrowetting on dielectric
can also be used to pump a liquid in microhydraulic systems [8]. Another approach is to
compress a dielectric liquid between electrodes attracted by a high voltage, as for hydraulically

amplified, self healing actuators (HASEL) [5, 9].

Recently, another type of liquid based artificial muscle has been characterised, made using a
non-toxic liquid metal (LM) alloy of eutectic gallium indium (EGaln). This LM artificial
muscle utilises the unusual variable interfacial tension of EGaln to generate force [10-12].
Without oxide on its outer layer, LM has a interfacial tension of ~600 mN/m [13] (~10 times
that of water), which is the largest among all natural liquids at room temperature. When an
oxidative voltage is applied to LM immersed in an electrolyte (particularly sodium hydroxide
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solution), it causes an oxide layer to dynamically form and dissolve, making the interfacial
tension effectively lowered to ~0 mN/m to flatten the droplet [13]. The LM droplet regains its
spherical shape upon the application of a reductive voltage to remove the oxide skin, allowing
for the recovery of its large interfacial tension to generate force. Previous works used ~1 mm
radius droplets of LM as artificial muscles, characterising their force output and even making a
swimming fish robot [10]. An alternative design uses bridges of LM droplets alloyed between
copper pads [11]. However, the force generated by these designs is quite low (~mN). Decreasing
the size of the LM droplets would increase the surface area, which enhances both force and
work density; however, this would be challenging to achieve and would result in a small stroke.
To date, no prior work has successfully utilised the exceptionally large surface energy of LM

to develop artificial muscles capable of delivering both high force and large stroke.

In this work, capillary liquid metal muscles (CLMM) are developed, which utilise a channel-
based design to increase the force output by an order of magnitude over previous LM droplet
muscles. The force change is fast (in just tens of ms), the muscle itself can move quickly, the
forces generated are strong (capable of lifting 1 kg) and the force can be precisely controlled.
Movement of ~10% stroke can be achieved, with a controllable position. The force per unit
area (i.e. pressure) per volt of CLMM is the best ever achieved for liquid-based actuators. The
design is also simple to make using standard, commercially available 3D printers. This work
also discusses the theory behind CLMM, characterises the force output with respect to time
and distance moved, and determines the muscle’s movement speed and controllability of force
and position. Additionally, soft robotic elements and a damper are made using the artificial

muscle.
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4.2 Theory of CLMM and Initial Testing

LM has a variable interfacial tension. Without oxide, its interfacial tension is 500-650 mN/m,
depending on the surrounding media [13, 14]. When immersed in NaOH solution, with a
positive (oxidative) voltage applied to it relative to a counter electrode also in the solution, its
interfacial tension drops to ~0 mN/m. In its high surface energy state, it will resist deformation.
Whereas if oxidised, the oxide layer will dynamically form and dissolve, making the interfacial
tension effectively lowered to ~0 mN/m to flatten the droplet [13] (Figure 4.1). Removing the
oxide by applying a reductive potential to the droplet causes the interfacial tension to increase
back to the original higher value. (NaOH also removes the oxide on its own, without any
potential applied) [15]. The reaction time for interfacial tension change is <25 ms after voltage
is applied (see section 4.5.4). Therefore, LM droplets can be used to generate force by applying

a voltage to repeatedly alter their interfacial tension.

Oxidised

Figure 4.1 A LM droplet changes shape when oxidised due to the change in interfacial
tension.
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If liquid metal in its high interfacial tension state is attempted to be pushed into channels, it will
require high pressure. This is because the LM’s high interfacial tension means it takes a large
amount of energy to increase its surface area However, in its low tension, oxidised state, LM
can be easily pushed into small channels as its near zero interfacial tension requires a very small
amount of energy to change its surface area. When the oxide layer of LM is removed to increase
interfacial tension, it results in a dramatic increase in force, pushing the LM out of the channels
(Figure 4.2). The channel design dramatically increases the output force and stroke possible
from the change in interfacial tension of LM. The initial design used circular capillaries for

liquid metal to be pushed in and out of.

Electrode |

in
electrolyte —
Electrolyte =
Walls
Channels ‘I”‘ ’

Electrode
inLM Y

—

Oxidise

+

Figure 4.2 Diagram showing LM going in and out of channels.

To oxidise LM and lower the force/contract the CLMM, a positive potential is applied to the
bottom electrode relative to the top electrode. To reduce LM and increase the force/extend the
CLMM, a negative potential is applied to the bottom electrode relative to the top electrode.

4.2.1 Theoretical Force Change for CLMM with Circular Capillaries

The generated force for a given channel size and overall muscle diameter can be calculated by
using the change in interfacial energy for the different states. See Figure 4.3 for the theory

diagram.
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Figure 4.3 Theory diagram for the change in surface area of LM when pushed into a
circular capillary.

For a cylindrical muscle, with overall diameter R and height of liquid metal 4, it will have a

volume, V of liquid metal of

V = nR?h (4.1)

The surface area in this initial state is

SA, = 2rR? + 2nRh (4.2)

If pushed down by distance Ah, it will move into circular channels (number of #) with radius 7.
The distance it will move into this channel is distance D. Overall volume must be unchanged,

SO

V = nR?(h — Ah) + nr?D = nR?h 4.3)
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Rearranging and expanding the bracket gives

nnr’D = nR*h — mR*h 4+ mR?Ah

Giving
nr?D = R?Ah
Therefore,
RZ
D = _ZAh
nr

Surface area is changed in the second state, and is given by
SA, = 2nR? 4+ 2nR(h — Ah) + 2nnrD
Change in surface area ASA is given by
ASA = SA, — SA, = (2nR? + 2nR(h — Ah) + 2nnrD) — (2nR? + 2nRA)
Which gives
ASA = 2mR? — 2mR? + 2nRh — 2Rh + 2nmrD — 2nRAh = 2nmrD — 2wRAR

Substituting in for D gives

R? R?
ASA = 2nnr—2Ah — 2nRAh = <2TL’— — 27TR> Ah
nr r

(4.4)

(4.5)

(4.6)

4.7

(4.8)

(4.9)

(4.10)

The change in interfacial energy AE is the interfacial tension, y multiplied by the change in

surface area
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AE = yASA (4.11)

Assuming Ah is infinitely small, the variation in force, F, is calculated by

o _dE _ydsa (R ) (4.12)

@~ an MRz

Using this equation, for a given R and r, if the interfacial tension is varied from ~500 mN/m to
~0 mN/m [13], then the force due to interfacial tension will drop to zero. Maximum force can
be increased by increasing overall R or by reducing r. Note that the force is not changed by
increasing or decreasing the number of channels. Adding channels reduces the distance LM

moves into the slits, D, and allows for greater stroke of the actuator.

As the predicted output force scales with the inverse of capillary radius, decreasing the size of
the capillaries will have a dramatic effect on the performance of the muscle. Increasing the
overall radius also boosts the predicted force quadratically. The predicted force for a 10 mm

overall radius CLMM with varying capillary radius is shown in Figure 4.4.
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Figure 4.4 Predicted force with varying capillary radius for a CLMM with overall radius
of 10 mm.

4.2.2 Creation of CLMM Using Fused Deposition Modelling 3D Printing

An initial design of CLMM for testing was created using an Ultimaker S5 fused deposition
modelling (FDM) 3D printer. It printed a block of polylactic acid (PLA) circular capillaries and
a container which was sized just larger (+0.5 mm diameter) so that the inside section could
move freely (see Figure 4.5). This can be thought of as similar to a motor which has a moving
part (rotor) and a stationary part (stator), as the block with capillaries in moves up and down
while the overall container stays stationary. One electrode was wound around the top of the

capillaries so it would be immersed in electrolyte. The other electrode was posted through one
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of the capillaries so it could contact the LM directly, and was glued in place. The wire for
contacting LM was transformer wire, so had a polymer insulating layer around it, this was
scratched off at the bottom so it could easily form an electrical connection with the LM. A range
of sizes were made with channel diameter from (0.5 — 1 mm) and overall radius of the actuator

between 10 — 20 mm.

Rotor

Stator

et

Figure 4.5 Pictures of a 3D printed CLMM.
(A) The rotor from above. (B) The rotor underneath, showing the capillaries and wire threaded
through. (C) Rotor and stator fitting together. All scale bars are 10 mm.

4.2.3 Testing of FDM 3D Printed CLMM

Force testing was done on the manufactured CLMMSs to compare with theory. Testing was done
using a mechanical testing system (MTS, YK-Y0026, Dongguan Yaoke Instrument Equipment
Co. Ltd., China). First, the muscle had LM and 0.5M NaOH solution injected into the bottom
container. The amount of LM added was to give a depth of LM of ~10 mm (~3 mL LM for 10

mm R stator - ~13 mL LM for 20 mm R stator). The amount of NaOH added had to cover the
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top electrodes when the top section was inserted (~10 mL for 10 mm R stator - ~40 mL for 20
mm R stator). The top section with capillaries was then put into the container. It rested on top
of the liquid metal due to the LM high interfacial tension (and density). The wires were
connected to a lab power supply set to max 7 V and max 0.06 A. The MTS then had its
compression testing plate lowered to press the LM into the capillaries slightly, with the resultant
force measured. The force measured by the MTS as it pushes down the rotor into the LM
increases linearly over ~0.3 mm as LM is gradually pushed into all the slits. The increase in
force then starts to level off when LM is in all the slits. The force test was done at this level of
displacement. A test program was run on the MTS where it measured the force without moving,
and oxidative voltage was repeatedly applied to the LM and then turned off. The results are

shown in Figure 4.6 and Figure 4.7.
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Figure 4.6 Measured force change for R = 10 mm CLMM for circular capillary radius
ranging from 0.5 mm to 1 mm.
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Figure 4.7 Measured force change for r = 0.75 mm CLMM with overall radius ranging
from 10 mm to 20 mm.

Initial tests showed that the force variation was repeatable. The measured force started to
decrease immediately after voltage was applied. Measured force decreased sharply initially,
then started to level off when it got closer to the minimum value. When the power was turned
off to remove the oxide on the LM, and increase its interfacial tension, the force started to
increase. Force change was slightly faster when increasing force, <1 s, whereas to decrease the
force, it typically took ~1.5 —2s. The measured force change increased with decreasing capillary

size and with increased overall radius as predicted.

The force change in the graphs does not drop to zero due to buoyancy of LM. If the force testing
is conducted with the CLMM slightly less pressed down (so less LM displaced). The measured

force drops to nearly zero (see Figure 4.8).
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Figure 4.8 Measured force dropping to ~0 N during testing.
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4.2.4 Comparison of Measured Results with Theory
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Figure 4.9 Predicted and measured force for varying capillary radius.
Error bars are given by the standard deviation of the measured force change.

The results were plotted against the predicted values for the different overall radius of muscle

and with the variation in radius of the capillaries (Figure 4.9). Overall, the results are in line

with those predicted by theory. The smallest radius capillary muscle has a lower change in force

than predicted, this may be due to the size of the capillaries being different than that set on the

CAD file. More power may have been required for the full force change also — the 15 mm and
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20 mm R muscles both have slightly lowered measured than predicted values. A larger area will

require more power to oxidise the LM.

4.3 Pillar Design of CLMM

In order to further optimise the CLMM, further decreasing the size of the channels which the
LM travelled into seemed to be the key element. As the output force scales with the inverse of
the channel size, decreasing the channel size to as small as possible will maximise the output
force. However, other considerations must also be taken into account, such as the stroke of the
muscle. Reducing the size of the channels will also mean that the channel gap percentage
decreases (if channel wall thickness stays constant). For example, for a wall thickness of 0.5
mm, a 1 mm radius circular capillary has a gap percentage of 25%, but for a 0.5 mm radius
circular capillary, it decreases to 11.1%. Therefore, the overall stroke of the muscle decreases

as there is less volume for liquid metal to go into.

To mitigate the reduction in stroke with smaller channel size, a pillar design was conceived.
This design consists of an array of pillars, equally spaced apart. LM and electrolyte can pass
around each side of the pillar, meaning that greater stroke is available even at close pillar

spacings.

4.3.1 Creation of the Pillar Design

In order to create the pillar design, it was decided to use a stereolithography (SLA) printer
(Formlabs Form 3, used with clear resin v4), rather than the FDM type Ultimaker S5. The
Formlabs printer offered higher resolution prints than could be done with the Ultimaker. Clear
resin was used to be able to see inside the muscle during testing, and because it offered the best

resolution. All prints with the Formlabs were done using its default settings, with 25 pm layer
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height. Post print cleaning was done in an isopropanol (IPA) bath (Formlabs Form Wash) for
~20 minutes. After drying, it was postcured in the Formlabs Form Cure oven at 60 °C for 15

minutes with 405nm UV light exposure as well.

Before creating a muscle with the pillar design, a test print was done with the printer to see the
best possible resolution and smallest pillar spacing. An array of 1 mm square pillars was made,
with spacings of between 0.1 — 1 mm, in increments of 0.1 mm. Images of the test results are

shown in Figure 4.10 - Figure 4.13.

Figure 4.10 Photograph of the test print.

Figure 4.11 Microscope images of the Imm width square pillars with spacings of (from
left to right), 0.1, 0.2, 0.3 and 0.4 mm.
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The gaps are completely blocked for 0.1 and 0.2 mm spacings and are mostly blocked for the
0.3 mm spacing print.

353.72um

344.04um

Figure 4.12 Microscope image of the 0.4 mm gap spacing print with measured lengths.
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443.93um

445.54um

456.30pm

Figure 4.13 Microscope image of the 0.5 mm gap spacing print with measured lengths.

The test print revealed that prints with 0.1 and 0.2 mm spacings were completely filled with
cured resin. The 0.3 mm spaced pillars also mostly had the spaces between them filled with
resin. 0.4 mm spacing and above were printed well. The spacing between the pillars was also
measured using a microscope (Nikon Eclipse TE2000-U)(see Figure 4.12 and Figure 4.13). The
measurements show that the spacing between the pillars is less than set on the CAD file by 55-

14 microns for the 400 micron width gaps and 56-21 microns for the 500 microns width gaps.

The reason for the infill between pillars and the smaller sized gaps is because the SLA printer

uses resin to create the part. The resin is highly viscous, so when trying to print small gaps, the
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liquid can remain trapped within the gap, causing it to become blocked. Overall, it was decided
that the results of the print were satisfactory to create a pillar type CLMM with 0.5 mm gaps

between pillars.

4.3.2 Pillar CLMM Creation and Testing

For the pillar type CLMM, the SLA printer created the pillars and the container. A small gap
(0.8 mm diameter) was left in the container for a wire to be threaded through and glued sealed.
Copper wire was threaded through the pillars at the top and pushed almost halfway down, where
there was an alternating connection between the pillars which stopped the wire going down any

further. Overall radius for the muscle was 10 mm, pillars were 1 mm square and the gap size

was 0.5 mm. See Figure 4.14 for images of the pillar type CLMM.

Figure 4.14 Pictures of (left) making the pillar type CLMM and (right), with LM and
electrolyte added.
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Testing was done in a similar way as previously, with the MTS used to measure the force

change.
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Figure 4.15 Measured force change with time for the pillar CLMM.

From the data shown in Figure 4.15, it can be seen that the pillar design exhibited repeatable

force change, with overall performance similar to the previous circular capillary muscle.

4.3.3 Stacked Pillar Type CLMM

By stacking one LM muscle on top of another, it is possible to create an additive force. This
enables greater force variation for the same overall footprint, as well as potentially easy control
of the resultant force by just turning on one layer, or both layers. In order to test this, the tops
of two LM muscles were made and joined together with columns, and two bottoms were also
joined together (Figure 4.16). Enough space was left between the layers and at the side for the

stacked muscle to be split apart after use by lifting the top section and moving it to one side.
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Figure 4.16 Pictures of the stacked pillar type CLMM disassembled (left) and assembled
and filled with electrolyte (right).
The scale bar is 10 mm.

Before being assembled together, each layer was individually tested to check its force change

characteristics (Figure 4.17).
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Figure 4.17 Force change for each of the individual layers of the stacked CLMM before
being assembled together.
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After assembling the stacked muscle, it was tested in combination, using separate power

supplies for each half of the stacked muscle.
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Figure 4.18 Force change for the stacked CLMM after assembly.

From Figure 4.18, the change in force for each layer is clear, as is the additive combination of
both layers stacked together. The overall force is lower than for the individual layers added
together. This is probably caused by some friction caused by a slight crookedness between the

layers introduced during assembly.

4.3.4 Problems with Pillar Design

Overall, the pillar design worked well, however it also showed problems when pillar size was

tried to be reduced below 1mm width square to increase the percentage stroke of the muscle.
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For 0.5 mm square pillars, the muscle would work well initially (see Figure 4.19), however it

would lose most of its force quickly during testing.

Figure 4.19 Pillar style CLMM with 0.5 mm width pillars lifting a ~25g mass.
The thin pillar designs would work well for a short period then deteriorate.

Reducing the thickness of the pillars weakened them. As their aspect ratio was high, they could
be pushed from side to side easily. Pillars with a width below 1 mm always became pushed
apart, which reduced the force of the muscle significantly. If a gap between pillars is slightly
larger on one side than the other before testing, during testing, more LM goes into the larger
gap. When reduced, the LM pushes the pillar towards the smaller gap side. This leads to

bunching of the pillars, with large gaps between the bunches, as seen in Figure 4.20.
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Figure 4.20 Bunching of thin (0.5 mm width) pillars in a CLMM.
The bunching weakens the force output of the CLMM.

4.4 Pillar with Cross Support LM Muscle

For the next iteration of the design, to rectify the problems of the pillars being pushed apart,
cross support was added to the pillars. This was done in an alternating way so that LM could

still move between the gaps effectively. See Figure 4.21 for a diagram of the updated design.

122



Top o=

. Top electrode
=——— placedin

electrolyte Cross
Channels supports
and pillars J
Container & St

Electrolyte I t:: HRHHARAHR]
Liquid metal t izilizil

Raised parts on
bottom

Bottom
. electrode - - Perpendicular
5 3 connected to mmTm e Em— C10SS SUPPOItS
liquid metal

Figure 4.21 Exploded diagram of the pillars with cross support design of CLMM.
The cross supports alternate directions each layer as shown in the zoomed in view.

The design was printed using the SLA printer. Pillars were 0.5 mm square with cross supports
also 0.5 mm square, and with gaps between pillars of 0.5 mm. Overall diameter of the inner
section was 19.5 mm, the diameter of the inside of the container was set to 20 mm. After
printing, the parts were washed in the IPA bath for ~2 hours, and were repeatedly taken out,
squirted with IPA from a wash bottle, pressed dry with paper towel, before putting back into the
wash station. The printed parts were rigid and robust so were able to be cleaned and pressed
dry by wiping them with paper towels without sustaining any damage. Repeated washing and
pressing dry was done to fully remove all resin from inside the channels. The small gaps in the
design means that resin could remain there and block the channels if not thoroughly washed.

The parts were then post-cured as with the previous settings.

For controlling the CLMM, an Arduino microcontroller (Arduino Due) was used with a motor

controller (Deek-Robot motor shield). Supplied power to the motor controller was set to a
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maximum of 17.5 V, 1 A using the lab bench power supply. Using the Arduino and motor
controller meant that voltage could be turned on and off repeatedly at specified frequencies, and

the applied voltage flipped to reduce or oxidise LM.

The new style CLMM was tested in the MTS with 0.5 M NaOH electrolyte added. The blocked
force was measured for frequencies from 0.1 — 5 Hz. The motor controller was set to apply
oxidative voltage to the LM for the first half of the period. It then applied 100 ms of reductive
potential to the LM. It was then set to off for the rest of the period. Applying a brief reductive
potential to the LM removes the oxide quickly, meaning that the CLMM can reach its maximum
force as fast as possible. Frequencies from 0.1-1Hz were incremented in 0.1 Hz steps, from 1-
5Hz, increments were in steps of 0.5 Hz. Cycles were for 60 s. A space of 5 s was left with the

muscle off between each frequency cycle. Figure 4.22 shows the resultant data.
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Figure 4.22 Force change testing for pillars with cross support CLMM for frequencies
from 0.1-5 Hz.
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Figure 4.23 Zoomed in force measurement for various frequencies

From Figure 4.22 and Figure 4.23, the overall force can be seen to vary from a maximum of
~0.62 N down to ~0 N. The force change decreases with increasing frequency, with the
minimum force increasing from 0 N at 0.4 Hz. At higher frequencies, there is still variation in

blocked force, although at 5 Hz, its performance is very poor with only tiny variation in force.
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4.4.1 Force Testing Using a Longer Reduction Time Period

The previous test used a reductive potential to more quickly remove the oxide and increase the
force more rapidly. NaOH removes the oxide by itself, but applying a reductive potential speeds
up the process. The previous test used a reductive potential application length of 100 ms, this
length was chosen as it is roughly the same amount of time used for reduction in another LM
muscle [12]. In order to see the effect of reductive potential application length on the
performance of the LM muscle, another test was performed. This time, for each period, an
oxidative potential was applied for the first half, and reductive potential applied for the second
half. The frequencies tested were the same as previously. New 0.5 M NaOH was added to the

muscle also. The resultant data is shown in Figure 4.24 and Figure 4.25.
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Figure 4.24 Force change with frequency for pillars with cross support CLMM with
reductive potential applied for the second half of the period.
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Figure 4.25 Zoomed in data for 0.1 Hz and 1 Hz.

The performance of the CLMM with extended reductive time length is significantly worse than
that for 100 ms reduction. The overall force variation is lowered from 0.62 — 0 N for 100ms
reduction to (0.5-0.56N sloping) — ON for extended reductive potential applied. The measured
force is also seen to increase sharply between frequency cycle blocks when the supplied voltage
is turned off. There are also some sharp peaks in the 1 Hz data when the applied voltage to the

LM is switching between negative and positive.

This lowered force and spiking force when the voltage is turned off is because of the
electrocapillary effect of LM. Electrocapillarity is caused by the capacitance of the electrical
double layer (EDL) that forms between the LM and the electrolyte [16]. The capacitive energy
caused by the EDL lowers the effective interfacial energy of LM according to Lippman’s

equation

1
y(V) =y — EC(V - Vo)2 (4.13)

where V) is the potential of zero charge, C is the capacitance of the EDL and o is the interfacial

tension at the potential of zero charge [17].
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The applied negative (reductive) voltage therefore lowers the interfacial tension of the LM,
which results in a smaller measured force. When the applied negative voltage is turned off, the

interfacial tension increases and so does the force.

4.4.2 Testing with No Reductive Potential Applied After Oxidation

Some reductive potential needed to be applied to the muscle after oxidation for it to work
effectively. The NaOH electrolyte removes oxide by itself, however it cannot do that quickly
enough for the muscle to work reliably. A test with no reductive potential applied, with

frequencies from 0.1 — 1Hz in increments of 0.1 Hz is shown in Figure 4.26.
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Figure 4.26 Measured force change for various frequencies for the pillars with cross
support CLMM with no reductive potential applied after oxidation.

Force variation with no reductive potential applied is significantly less reliable, with

frequencies of 0.7Hz-1Hz cycling below 0.3N due to oxide not being fully removed. The force
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is seen to spike between frequency cycles as the NaOH has enough time to remove the oxide

before the next frequency cycle begins.

4.4.3 Repeated Testing

For use in real world applications, an actuator must be capable of over hundreds of thousands
of cycles without failure. Therefore, repeatability testing of the muscle until failure is important
to see how many cycles it can do. The pillars with cross-support CLMM muscle was put in the
MTS machine and was tested at an applied frequency of 0.5 Hz, with 100 ms reductive potential
applied after oxidation. 0.5 M NaOH was used. The resulting data is shown in Figure 4.27 and

Figure 4.28.
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Figure 4.27 Repeated testing of pillar design with cross support CLMM until failure.
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Figure 4.28 Zoomed in sections of repeated testing data.

The CLMM was able to change force repeatedly at 0.5 Hz for ~1060 s, or ~530 cycles. After
1060 s, it quickly deteriorated to 0 N, with no force change, and the test was stopped.
Interestingly, the LM muscle can be made to work again by mixing the LM and electrolyte, then

putting it back in the MTS for testing (Figure 4.29). No new LM or electrolyte was added to

the muscle for the second test.
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Figure 4.29 0.5Hz force variation of pillars with cross support CLMM after mixing.
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The post-mixing test failed after ~600 s, which is over half the pre-mixing test. Overall force
change characteristics were similar for the pre-and post-mixing tests. The post mixing test had
a typical minimum force of ~0.23 N, whereas for pre-mixing typical minimum was ~0.2 N.
Overall, this shows that the number of the cycles of the CLMM can be extended from its original
failure point. Mixing may help by breaking up the surface of the LM and mixing it back in with

the bulk. As Ga is used up in the reduction electrochemical reaction [15],

Ga203 +20H - ZGQOZ_ + H20 (414)

over the course of many cycles, LM may form a surface layer with a higher wt% of In than at
the eutectic point, which would then cause it to be less fluid at the surface. Mixing would
equalise the concentration of Ga throughout the droplet and restore its ability to actuate

effectively.

Previous liquid metal droplet-based muscles have shown thousands of cycles with no
degradation [10, 11], so the decrease in force is not caused by the liquid metal itself. One
potential option to extend the lifetime of the CLMM without manual mixing would be to add a
small corkscrew-shaped element below the slits which would mix the LM when the slits move

up and down.

4.4.4 Force control of the Pillars with Cross Support CLMM Using Voltage Change and Pulse

Width Modulation

Being able to control the force exerted by the CLMM is very important for it to be useful.

Stacking two muscles together meant force could be controlled in two steps, however, this
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required two layers of muscle which increased the height and complexity. It would be better to

be able to control the force output of each muscle.

The first test for force control of the CLMM involved changing the voltage applied to the LM.
Lower applied voltage should lower the force as the oxide layer would not be formed as quickly.
As the NaOH electrolyte used constantly acts to remove the oxide, tuning the voltage applied
to add oxide more slowly will control the overall force. A test was done using the pillar with
cross support CLMM. Voltage was applied with a lab bench power supply, and applied voltage
was recorded with a Fluke 8845A digital multimeter connected via USB to a computer using

Flukeview forms software. 0.5 M NaOH was used as electrolyte. The results are shown in

Figure 4.30.
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Figure 4.30 Control of force by changing the applied voltage.
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Varying the voltage was found to have a controllable effect on the force of the LM muscle.
Applying ~4 V oxidative to the LM resulted in the force dropping from 0.63 to 0.1N, whereas
applying ~1 V oxidative resulted in a force of 0.4 N. This clearly showed that the force exerted
by the LM muscle could be controlled dynamically. The force change when voltage was applied
tended to drop quickly at first, then gradually reach an equilibrium point. Lowering the voltage

after the initial application helps the force to stabilise faster.

Using pulse width modulation (PWM) duty cycle applied to the LM muscle can also control
the output force. The motor controller used is able to apply multiple rapid voltage pulses every
second, with a maximum switching frequency of 40kHz. The average voltage is then the result
of the PWM duty cycle percent multiplied by the applied voltage per pulse. The Arduino was
set to command the motor controller to apply PWM duty cycles of 100% - 0% in steps of 25%.
This meant that the power supplied to CLMM varied between 0% to 100% in steps of 25%.
The LM muscle tested was a pillar type muscle (no cross support). The results are shown in

Figure 4.31.
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Figure 4.31 Control of force using duty cycle of PWM.

This method for force control was also successful, with the heights of the different duty cycles
being different. The 25% duty cycle was furthest away from the other non-zero cycles, with

50% and 75% close together.

4.4.5 Electrolyte Testing

For testing so far, the only electrolyte used was 0.5 M NaOH. This continuously works to
remove the oxide layer on the LM, which is useful for returning to a maximum force quickly.
For a lot of applications, however, it would be better to lower the force of the muscle and keep
it at a lower value without supplying any more power. Therefore, it was decided to try a different
electrolyte to see if this could be achieved. Trisodium phosphate (Na3PO4) was chosen as an
alternative electrolyte as it would work as a conductive liquid for the electrochemical reactions
to occur, but also not remove the oxide continuously like NaOH. NaCl was not chosen to use

as it would create chlorine gas during testing, which would quickly deteriorate the LM muscle.
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The test was done using a pillar style (no cross supports) LM muscle with 0.5 mm gaps. 6 V
was applied for 2 s and then turned off (no reducing potential applied). Data for 0.5 M Na3PO4

and 0.5 M NaOH are superimposed together in Figure 4.32.
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Figure 4.32 Force variation of CLMM for Na3PO4 and NaOH.

In the case of NaOH, it immediately starts to increase in force after the voltage is removed. For
Na3zPOs, it remains at a lowered force, only slightly increasing with time, from 0.07 N at 2.7 s
to 0.09 N at 9 s. After this, its force increases slightly faster before levelling off again at 0.22
N, below its starting point of 4.2 N. Overall force change is lower for Naz;PO4 however, only
achieving a maximum of 0.42 N and a minimum of 0.07 N, compared to 0.49 — 0 N for NaOH

in the same test.

To further test the use of NazPOs as an electrolyte, it was tested with a reductive potential
applied to increase the LM force back to maximum. For testing, a 1 s oxidative voltage was

applied, then for 9 s the power was turned off, then a 1s reductive potential was applied to the
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LM, and then it was turned off for 9 s. This was then repeated. The results are shown in Figure

4.33.

0.45 4
0.4 4
0.35 4
0.3 4

0.25 A

Force (N)

0.2 A

0.1 4

0.05 +

Time (s)

Figure 4.33 Force change of the CLMM using Na3PO4 as electrolyte with reductive
potential applied to return force back to maximum.

The overall force change shape is similar to using NaOH as the electrolyte, however, no voltage
needs to be applied to keep the force at the lowered value. The force rises by ~0.02 N while the
power is turned off at the lowered force value. Applying a reductive potential causes the force
to rise quickly as the oxide is removed. There is a notch shape in the rising force line caused by
the electrocapillary effect of LM. Optimising the length of time a reductive potential is applied
would remove the notch shape and make the force reach the maximum value more quickly.
Overall, these tests show that Na3;POs is a potentially valid electrolyte for use in the LM muscle
for certain low power applications.
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4.4.6 Force Change with Time For Different NaOH Concentrations

Optimising the concentration of NaOH for maximum speed of force change was also done. The
same CLMM (pillars with cross support style) was loaded with LM and a certain concentration
of NaOH for testing. After testing, it was washed with deionised water, dried, and then reloaded

with the next concentration. Testing was done at 0.5 Hz with 100 ms reductive potential.
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Figure 4.34 Force change versus time for the CLMM with different NaOH concentrations.

From Figure 4.34, 1M NaOH performed the best, with a higher maximum force of ~0.68N, and
was quickest to reach 0 N. 0.5M NaOH was the next best performing, with the lowest measured
maximum force of ~0.54 N, but its force variation was much higher than that for 2 M. 2 M
NaOH performed the worst, with a max force (~0.58 N) in the middle of the other two
concentrations, however, its minimum force achieved was only ~0.18 N. As NaOH

continuously removes the oxide layer from LM, 2 M NaOH removes it too quickly for the force
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variation to be maximised. After this experiment, it was decided to use 1 M NaOH for testing

as this achieved the best performance.

4.4.7 Problems with Pillars with Cross Support Design

The LM muscle design of pillars with cross supports worked well for the most part, achieving
variable and controllable force change. However, the cross supports introduced a problem of
small droplets of LM breaking off and getting stuck behind the cross supports (Figure 4.35).
The cross supports also reduced the percentage stroke as they were an additional wall where
LM could not flow into. Therefore, a final iteration of the design was conceived — using slits as

the channels for LM to travel into.

Figure 4.35 LM stuck behind pillar cross-supports.

138



4.5 Slit CLMM Design

Channels shaped as rectangular slits solved the problems of the previous designs. The cross
support between rectangular channel walls means that the structure is strong and does not bend,
which would lower its force output. The rectangular channels mean that there can also be a
higher percentage stroke of the muscle as there is a greater volume for LM to flow into in
comparison to circular capillaries. Also, there are no structures within the channels for LM to

get stuck behind. An exploded diagram of the slit design CLMM is shown in Figure 4.36.
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Figure 4.36 Exploded diagram of slit design CLMM
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4.5.1 Making the Slit CLMM Design

The slit CLMM were made in a similar way to the previous pillar CLMM. An SLA printer
(Formlabs Form 3) printed clear resin with a printing layer thickness of 25 microns. The walls
of the muscle were 0.5 mm thick. The overall diameter of the muscle was 19.5 mm, this was
0.5 mm less than the inner diameter of the container so the muscle could move freely. The gap
around the sides between the LM muscle and the container walls had to be lower than the slit
width, otherwise, LM would preferentially be pushed around the sides of the muscle rather than
within the slits. After printing, the slit design was washed for ~30 mins in the Formlabs I[PA
bath. The time to wash out the resin was lower for the slit design in comparison to the pillar
with cross support design as liquid could flow more easily through the slits, so the resin was
washed out quicker. The LM muscle was then post-cured as for the previous designs. A needle-
hole type design was also implemented to thread copper wire through the top electrode (see

Figure 4.37). This was then glued on top of the slit part of the muscle.

Figure 4.37 Making the slit CLMM.
Scale bars are 10 mm.
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The walls between each of the slits were set to 0.5 mm thick on the CAD file as this was
Formlabs’ minimum recommended thickness for vertical walls. Thinner walls between the slits
would increase the stroke of the CLMM as there would be less solid material and more channel
space for LM and electrolyte to fill. Stroke would approach 33% of the maximum height of

CLMM for infinitesimally thin walls.

The size of the slits and walls were also checked using the microscope (see Figure 4.38 and
Figure 4.39). The measured wall thickness was consistently between 35-90 microns thicker than
set on the CAD file. This in turn reduced the width of the slits slightly. For example, for 1 mm
width slits, the wall thicknesses measured were 538 and 554 microns (it was set to 500 microns
on the CAD print file). This, in turn, reduced the slit width to 966 microns (from the 1000
microns on the print file). For the 0.7 mm slit width print, the wall thicknesses were 584 and
570 microns, and the slit width measured was 625-652 microns. This increased wall thickness
may be due to swelling of the resin during washing in the IPA bath [18]. However, the muscle

also needs to be washed properly to remove any uncured resin from within the slits.
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Figure 4.38 Microscope image of 1mm width slits.
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Figure 4.39 Microscope image of 0.7 mm width slits.
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4.5.2 Calculating Force Using Change in Interfacial Energy for the Slit CLMM

Figure 4.40 Theory diagram for slit CLMM

For a cylindrical muscle, with overall diameter R and height of liquid metal h (Figure 4.40), it

will have a volume, V of LM of

V = nR2h (4.15)

The surface area in this initial state is

SA, = 2nR? + 2nRh (4.16)

If pushed down by distance Ah , it will move into a rectangular channel with cross sectional
width w and length /. The distance it will move into this channel is distance D. Overall volume

must be unchanged, so

V = nR?(h — Ah) + Dwl = TR?h (4.17)
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Rearranging and multiplying out the brackets gives
Dwl = tR*h — mR*h + wR*Ah
Therefore,

R?
D = —Ah
lw

Surface area is changed in the second state, and is given by
SA, = 2nR?* 4+ 2nR(h — Ah) + 2D(L + w)

Change in surface area is

ASA = SA, — SA, = (2mR? + 2nR(h — AR) + 2D (1 + w)) — (2R? + 21Rh)

=2D(l +w) — 2nRAR

Substituting in for D gives

TR? R(I+w)
ASA = 2(l + W)WAh — 2nRAh = 2nR T— 1|Ah

Therefore

2nR? 2mR?
— 2R = + — 27mR
lw lw w l

ASA R(L+w) 2nR?l  2mR*w
= 2R (———2— 1] = +

‘Ah lw

. 2mR?
For rectangular slits, w < [, so the ”T term can be neglected, therefore

ASA 2mR?
AR~ w

R
— 2nR = 2nR (—— 1)
w
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The change in interfacial energy is the interfacial tension, y multiplied by the change in surface

area
AE = yASA (4.25)
Assuming Ah is infinitely small, the change in force, F, is calculated by

dE

F=—
dh

— 2myR (% - 1) (4.26)

Note that this is an identical equation as that for circular capillary channels, except with w
replacing 7 (radius of the capillaries). As for the case of circular capillaries, the overall force is

constant and is independent of the number of slits.
4.5.3 Improvements to Experimental Setup for Testing

For all previous force tests, the MTS had been used to record the force change with time.
However, the maximum frequency of force measurement from the MTS is 30 Hz. For
measuring force change of the LM muscle with a frequency of 5 Hz for example, the MTS
would only record 6 data points. At higher frequencies, its performance would be even worse.
Therefore, a different force sensor was chosen to be used (HX711 force sensor), which has a
data acquisition rate of 80 Hz. The sensor was first calibrated. Calibration was achieved by
zeroing the sensor reading with no weight placed upon it, then placing a known weight on the
sensor. The sensor sent the Arduino a number which increased linearly based on the weight. A
conversion factor to change the initial reading to the actual weight was added to the Arduino
code, and a second known weight was placed on the sensor to test the measurement was correct.
The MTS was still used to compress the LM muscle onto the new force sensor as the MTS
offered a solid platform which could be raised or lowered easily. Force measurements during
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testing were sent directly to the Arduino Due (which also controlled the muscle), and data was

recorded using Putty serial monitor software. The difference between force measurements at

5Hz using the MTS and the new force sensor is shown in Figure 4.41.
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Figure 4.41 Measured force variation at S Hz using the MTS and the new force sensor.

Before each test, the force sensor reading was zeroed with the LM muscle in a fully oxidised

position (see Figure 4.42). This was because when the Arduino program was started, the force

sensor would measure 0 N for its first measurement (like turning on a scale with a weight

already on it). Making the LM fully oxidised (so the force exerted by the LM muscle was 0 N)

and then zeroing the scale, ensured the force sensor was making the correct reading.
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Figure 4.42 Resetting the force sensor reading.

Voltage and current sensing capabilities were also added to the experimental setup. Power sent
to the LM muscle came from a motor controller (Deek-Robot motor shield) which was
controlled by the Arduino. In order to measure and record the voltage sent from the motor
controller, two voltage dividers were made, one for each polarity of the motor controller output.
Each voltage divider stepped down the measured voltage to ~1/5 its initial value, and was made
with 25.1 kOhm and 5.1 kOhm resistors. The voltage from each was then measured by the
Arduino, at a resolution of 12 bits. As the Arduino Due has a maximum voltage of 3.3V, the
step between each voltage reading i1s ~0.8 mV. The current was measured by adding a shunt
resistor (0.0830hm) in series with the LM muscle. The voltage across this was amplified
(INA240A1PWR amplifier) and measured by the Arduino. Every ~1 ms, measured voltage
values were sent as text to a computer and recorded (along with the force data at a rate of 80

Hz) using Putty serial interface.
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4.5.4 Measurement of Force Change for Slit CLMM

The first measurements done for the slit CLMM were for blocked force change with frequency
for a 0.5 mm slit width muscle. The frequencies tested were from 0.1-10 Hz. For 0.1-1 Hz,
measurements were in increments of 0.1 Hz. From 1-5 Hz, the increments were 0.5 Hz, and
between 5-10 Hz, the increments were 1 Hz. The applied reductive potential after oxidation was
100 ms for frequencies of 2 Hz and below. For frequencies greater than 2 Hz, reductive potential
was applied for a quarter of the period. Force was measured using the HX711 sensor, and
voltage and current were measured using the Arduino Due with the previously described circuit.
Supplied power to the motor controller was set to a max of 17.5 V and 1 A from a lab bench

power supply. Data is shown in Figure 4.43.
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Figure 4.43 Force change with time for various frequencies for the 0.5 mm slit width
CLMM.

Force change for a 0.5 mm slit width muscle is ~0.62 N at up to 1 Hz. From 1.5 Hz, the force

change starts to decrease down to ~ 0.2 N at 10 Hz. The slight notch in the force increase line
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is visible due to the continuous electrowetting effect, similar to in Figure 4.33. This can be

eliminated by tuning the reduction time length so it is not too long.

The performance of the slit muscle is greatly improved over the pillars with cross support
muscle, which had similar maximum force, but its force change decreased from the maximum
at ~0.4 Hz see Fig. The force change with frequency for the slit LM muscle is shown in Figure
4.44, with error bars given by the standard deviation of the force change over 20 s (30 s for 0.1-

0.9 Hz).

Force change (N
© © ©o 0o o ©
N W R OO N
1 1 1 1 1 ]
-
_|
|_
o4
41
k
41

o
—_—
1

o

Frequency (Hz)

Figure 4.44 Force change for the 0.5 mm slit width CLMM with varying frequency.
Error bars are given by the standard deviation of the measurements.

Force change tended to decrease slightly over the 20 s testing period for frequencies >1Hz. For
example, for the case of 7 Hz, (Figure 4.45), force change decreased from ~0.29 N for the first
few seconds, down to ~0.25 N towards the end of testing. This is thought to be because the

resistance of the LM muscle increases slightly due to the gas bubble generation after
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electrochemical reactions during actuation, so more power is required to achieve the same force
change. Waiting a few seconds should restore the force change to its original state as the bubbles

will have dissipated.
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Figure 4.45 Measured force versus time for 0.5 mm slit width CLMM at 7 Hz.

For the higher frequencies measured (8-10 Hz), the data rate of the force sensor may affect the
accuracy of the force measurements. The force data was measured by the HX711 sensor at a
rate of 80 Hz- so for 10 Hz force variation, the sensor measured 8 points per cycle. This is
comparable to the MTS sensor (30 Hz measurement) measuring 5 Hz force variation (so 6 data
points per cycle), which had previously been shown (Figure 4.41) to be inaccurate. A higher
data rate force sensor may therefore be required for accurate measurements for higher frequency

actuation of the CLMM.

The force of the CLMM was also compared with that predicted by theory. Each thickness width

of the slit was tested over 100 s at 0.5 Hz actuation (see Figure 4.46 and Figure 4.47).
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Figure 4.46 1 mm width slits CLMM force variation at 0.5 Hz.
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Figure 4.47 0.7mm width slits CLMM force variation at 0.5Hz

There are sharp peaks on some of the larger slit width curves. This is because the weight of the

LM muscle top causes itself to move down during oxidation, and then during reduction, the top
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quickly rises up and contacts the MTS top plate. Smaller width slits’ top moves more slowly
down during oxidation so does not move as quickly moving up during reduction and the peak

is flatter.

The average force change was then plotted against that predicted by theory (Figure 4.48). Error
is given by the standard deviation of the measurements. The measured values are in line with

those expected by theory, with decreasing slit width leading to an increase in force.
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Figure 4.48 Measured force values with slit width variation plotted with the predicted
force for 10 mm overall radius CLMM.

The reaction time for a 0.5 mm slit width LM muscle was measured using the voltage
measurement in conjunction with the force sensor. Applying an oxidative voltage, and then
measuring the time for force to decrease gives the reaction time. Likewise, the reaction time for

when a reductive potential is applied can also be found (Figure 4.49).
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Figure 4.49 Reaction time of force change for CLMM.

It takes 0.62 s from when an oxidative potential is applied for the force to decrease to 0 N. The
force change rate for reduction is much faster, reaching maximum force after 0.09 s. The
reaction time for when force starts to change after the voltage is applied is shown in Figure 4.50

by zooming in on parts of the data.
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Figure 4.50 Zoomed in oxidative and reductive reaction times.
Note that applied voltage is flipped for the reductive graph to make it easier to see at what time
it occurs.

From Figure 4.50, the reaction time for oxidation is ~23 ms. The oxidative voltage is applied at
110.4 ms, with a measured force of 0.671 N. The next measured force point is 121.2 ms, with
a slightly lowered force of 0.670 N. After this, at 133.3 ms, the measured force dropped further
to 0.630 N. The force sensor measures at a rate of 80 Hz, so the force value is recorded after
every ~12.5 ms. This limits the accuracy of the reaction time measurement. For reductive
reaction time, the reductive potential is applied at 1423.1 ms, force is shown to have increased

to 0.051 N at 1442.9 ms, giving a reaction time of ~19.8 ms.

The force change rate for the muscle when no reductive potential was applied was also tested

(Figure 4.51)

155



0.8 - - 12 0.2 - [ 9
poird

07 4 o 0.18 - g

i 0.16 - .
0.6 4 — - —
WW?‘J" 2 0.4 4 =
— 05 8 g L6 &
z &z 012 ~ Force (N) k5
E 0.4 A Force (N) - 6 >O g 0.1 ~ - 5 g
2 o3 B 2 008 4 | ——Applied Voltage (V) |, 8
—— Applied Voltage (V) "4 8 0.06 - g
0.2 | < - 3 <

|, 0.04 -

0.1 A 0.02 . L 2

0 : — IM——“ dinoded 0 0 : . . 1

0 0.5 1 1.5 2 2.5 1600 1650 1700 1750 1800

Time (s) Time (Ms)

Figure 4.51 Reaction time for CLMM with no reductive potential applied.
Note the applied voltage on the right graph is shifted down by 1 V so force change is
unobscured.

The time to reach maximum force from when the oxidative potential was turned off was
measured to take 0.61 s, which is much longer than the case when the reductive potential was
applied (0.09 s). This shows how effective the short burst of reductive potential is at improving
force change rate as the oxide is removed more quickly, so the interfacial tension increases

faster.

For the case of no reductive potential applied, the oxidative voltage was removed at 1614.5 ms,
with a measured force of 0.005 N. At 1637.8 ms, force increased very slightly to 0.006 N, then

at 1649.8 ms, it reached 0.007 N.

4.5.5 Feedback Force Control of CLMM

Previous tests (see Figure 4.30 and Figure 4.31) had shown it was possible to control the LM
muscle force by changing the applied voltage, or by changing the PWM duty. However, the

force could not be set to a specified level. Using the new force sensor, which was connected to
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the Arduino, feedback control of the force could be achieved, enabling a chosen force level to

be reached and maintained.

A proportional integral derivative (PID) controller was made using the Arduino, force sensor
and motor controller. After an applied PWM signal came from the motor controller, the force
change was measured by the force sensor and sent back to the Arduino. The PWM signal could
then be changed based on the set force level to reach versus the current force measured, the rate
of change of force, and the integral error of the force. The Arduino code enabled the PWM
signal to be varied from 0-255, as well as flipping the voltage to reduce the LM. The PID
controller kept the duty cycle around a certain level to maintain a specific force. The duty cycle
was lowered to increase the force or vice versa. Applying a reductive potential was found to

change the force too quickly to control.

A test of the force control was done using 0.5 mm width slit CLMM. Force levels to reach were
0.4, 0.3 and 0.2 N, going down then up in steps of 0.1N. The time for each step was 20 s. The

resultant force control data is shown in Figure 4.52.
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Figure 4.52 Force control of CLMM in steps of 0.1 N.

The force control results show a good level of control over the force, with each of the steps of
force clearly visible. Downward steps have a higher degree of control than upward, as the
upward steps tend to overshoot the desired level and then come back down. This is because for
LM muscle it is faster to increase force than to decrease it. Better tuning of the PID controller
or different parameters for increasing force than decreasing it would be able to stop the

overshooting effect.

Each of the levels is relatively flat, showing the muscle can keep to a set level effectively. There
is a slight downward slope of the 0.2 N level from 0.213-0.193 N, however, the measured force

stops decreasing towards the end of the 20 s time period.

Another force control test was done to see the resolution of force control that could be achieved.

Initially, the 0.5mm width slit LM muscle was set to 0.4 N for 10 s. It then moved down in

158



decreasing steps from 0.05 — 0.01 N, decreasing by 0.01 N each step. The measured results are

shown in Figure 4.53.
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Figure 4.53 Force control of CLMM with decreasing steps.

Each of the steps from 0.05 — 0.01N can be seen, although the 0.01 N step is much larger than

it should be, moving from 0.256 to 0.224 N. There is a slight downward slope again towards

the lower force values.

Another test was done, with 0.03 N step size, down then up, starting at 0.4 N, lasting for 10 s

per step. The results are shown in Figure 4.54.
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Figure 4.54 Force control with 0.03 N steps.

This force control graph is in line with previous measurements. There is a slight overshoot on
the increasing force levels, however, it shows the LM muscle has a force control resolution of

at least 0.03 N.

4.5.6 Measurement of Force of CLMM with Displacement

Blocked force measurements of the CLMM had so far only been done at one height level. Force
of the CLMM varies with the height the top is pushed down by. When the top is resting on top
of'the LM, no LM is pushed into the slits, so there is no blocked force variation during oxidation.
Pushing the top down slightly will increase the force as some LM enters into the slits a small

amount. For full force change, LM should be pushed slightly into all the slits.

A test of force variation with displacement was done for a 1 mm width slit CLMM. The 1 mm
width slit CLMM was chosen so that there could be a greater change in displacement over 0.5

mm slit width. The muscle was tested by moving the MTS down and then up at 1 mm s™ to a
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maximum displacement of 2 mm. The force from the muscle was varied at a frequency of 0.5
Hz. The starting point was set just above where the MTS measured an increase in force from
the LM initially being pushed into the slits. The MTS was used to measure the force rather than
the HX711 force sensor as the MTS was also measuring the displacement. The frequency
chosen (0.5 Hz) meant that the 30 Hz refresh rate for force measurement from the MTS was not

a problem. The resultant data is shown in Figure 4.55.

Moving down at Tmm/s Moving up at Tmm/s

. 1 . 0 50 100 ° 150 200 250
Displacement (mm) Time (s)

Figure 4.55 Measured force change of 1mm width slits CLMM with (A) displacement and
(B) with time while constantly moving down then up at 1 mm s,

Initially, force is seen to sharply rise with displacement, rising from 0 N at 0 mm displacement
to 0.28 N at 0.3 mm displacement. This is as expected as the LM is pushed into the slits from
just outside them. After this, maximum force rises still, but more slowly, reaching 0.34 N at 2
mm displacement. This may be caused by the buoyancy of the LM. From displacements above
1 mm, the minimum force starts to increase from 0 N. The minimum force is 0.21 N at 2 mm
displacement, meaning variation in force is decreased from a maximum of ~0.3 to ~0.13 N.
This decrease in minimum force is because the LM is pushed a large distance into the slits.

When oxidised, the top part is oxidised as it is close to the counter electrode. LM within the slit
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but further away has an unoxidized outer layer so has high interfacial tension still. Therefore,

the force does not decrease to zero for lower displacements.

The time vs force graph shows that the force change is relatively symmetrical moving up and
down, although for moving up, the minimum force drops at a later time than would be expected

from the moving down data.

4.5.7 Repeated Force Test for Slit CLMM

A repeated force test had been done for the pillar with cross support CLMM previously. The
same test was done for a 0.5 mm width slit CLMM, with 1 M NaOH. The results are shown in

Figure 4.56.
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Figure 4.56 Repeated force test of 0.5 mm width slit CLMM at 0.5 Hz.

The minimum force starts to increase from 0 N at ~470 s, then consistently increases after 570
s, reaching 0.19 N at 800 s. Maximum force also decreases with time. This overall decrease in

force may be caused by increased friction of the LM muscle due to heating from electrolysis.
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Temperature was measured using a Tenma 72-7712 thermometer attached to the outer wall of
the CLMM, with an increase from 22 °C (room temperature) to 58 °C after 10 minutes. The
increased temperature causes the resin the LM muscle is made from to expand slightly, causing
some friction. Leaving the muscle to cool for ~5 mins and then restarting the testing (no
electrolyte added, no mixing of LM) resulted in the force change returning to the maximum for

the first ~50 s, before lowering again (see Figure 4.57).
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Figure 4.57 Repeated force test of 0.5Smm width slit CLMM at 0.5SHz (continued after
leaving to rest for ~5 mins).

Another test was done with 0.7 mm width slits. This LM muscle was a looser fit than the 0.5
mm width slit version. The gap around the side of the muscle top and the container must be
smaller than the slit width otherwise LM will preferentially go around the sides of the LM
muscle rather than into the slits. The looser fit meant that any expansion due to heating would

have less of an effect. The resultant graph is shown in Figure 4.58.
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Figure 4.58 Repeated force test of 0.7 mm width slit CLMM at 0.5 Hz.

The 0.7 mm width slit minimum force repeatedly increases from 0 N, similar to the 0.5 mm
width slit muscle. However, after a varying amount of time, it then returns to a minimum of 0
N, even after 1000 s (500 cycles). Maximum force decreases slightly from 0.43 to 0.40 N over
the total time tested. These results may show that friction increase due to heating is the main
cause of degraded LM muscle performance over repeated testing, as the looser fit muscle is less

affected.

4.5.8 Displacement of CLMM and its Efficiency

When oxidised and then reduced with a mass payload on it, the LM muscle moves up and down
(Figure 4.59). The lowered force during oxidation causes LM to be pushed into the slits by the
weight. Then when reduction occurs, the force for LM to be within the slits increases quickly,

so the mass is pushed up as the LM pushes itself out of the slits.
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Figure 4.59 1Hz movement of 1 mm width slits CLMM with 20 g mass payload.

The movement of the LM muscle was measured for varying slit size, mass payload, and
frequency. To measure the movement, a computer vision program was created based on
OpenCV. The computer vision took a video of the muscle moving and was able to convert it

into a comma separated value (csv) file of the vertical position with respect to time.

For filming, an iPhone 8 was used, placed on a tripod. Recording was done using 240 frames
per second (fps), at 1080p for best results. A high fps was required for accurate tracking as this
gave more data points per second and reduced motion blur. The height of the camera had to be
level with the top of the muscle to reduce any artefacts caused by slight rocking of the top of
the LM muscle. The payload weight was placed on top of the muscle, with a coloured band
taped onto it. This was for the hue saturation value (HSV) mask to track a specific colour as it
moved up and down. The HSV mask was set for a range of HSV values, and the computer
vision program found each pixel that was within the range. The maximum area with values
within the range (i.e. the coloured band) was what was tracked. Additionally, a ruler was placed
next to the muscle. The computer program measured the number of pixels per cm, and was able
to use this to accurately measure the distance the muscle moved. Every frame of the video was
analysed and the distance moved from its initial position was determined with respect to time,

which was then converted to a csv file and saved. See Figure 4.60 for snapshots of the program.
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Figure 4.60 Mask (left) and measurement line (right) for tracking of CLMM movement.

Movement data for various slit widths, mass payloads and frequencies are shown in Figure 4.61.
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Figure 4.61 Displacement with time for CLMM with various slit widths, mass payloads
and frequencies.
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Movement is typically uniform, reaching the same displacement every cycle. A high frequency
of movement of 5 Hz can be achieved. The LM muscle can also lift mass corresponding to its
maximum force change (~0.3 N for 1 mm slits, lifting 30 g, ~0.62N for 0.5 mm slits, lifting 60
g). On some of the data, there is a slight dip between start and finish height. This is caused by
the top of the muscle shifting in position slightly. This is perceived by the computer vision to

be a lowered height, although that is not the case.

The speed of the muscle movement can be determined based on the position data (see Figure

4.62).
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Figure 4.62 Zoomed in movement data to show the speed of the CLMM.

For a 1 mm width slit muscle, with a 20 g payload, its maximum speed is 36.3 mm s moving
up and 7.8 mm s moving down. It is expected that moving down is slower than moving up as
the force change for decreasing force is slower than for increasing. For the 0.5 mm width slit

muscle, the max speed is 3.9 mm s moving down and 6.8 mm s™! moving up. The effect of a
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slightly too long reduction can be seen on the rising line of the 0.5 mm slit data, showing the

muscle briefly stops before continuing to move upwards.

Using the movement tracking data and the supplied energy, efficiency can be calculated. For 1
mm width slits with a 20 g payload, it repeatedly moves down and up by 2.85 mm. The total
work done for lifting 20 g by 57 mm total is 0.011 J. Using data from the voltage and current
measurement circuit, the total electrical energy used is 78J. The efficiency of the 1 mm slit
width LM muscle is therefore 0.014%. This efficiency is very low, and is due to the electrolysis
caused during oxidation and reduction, as this is wasted energy. Also, the continual removal of
oxide by NaOH means continuous oxidative potential needs to be applied to lower the force or
move the muscle down. Alternative electrolytes such as Na3PO4 may have greater efficiency. A

lower voltage applied may improve the efficiency also as this would cause less electrolysis.

4.5.9 Control of CLMM Position

The CLMM is able to move quickly, and its force is also able to be controlled. Position control

was the next element to work on.

The resistance of the muscle changes with position. As LM is pushed further into the slits, it is
closer to the counter electrode and therefore the resistance is less. The resistance can be
measured using the shunt resistor to determine the current and the voltage dividers to find the
measured voltage. See Figure 4.63 for a graph of resistance and displacement measured with

time.
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Figure 4.63 Measured resistance and displacement with time for 1mm width slits CLMM.
There are gaps in the resistance measurements as the power is turned off every cycle after
100ms of reductive potential is applied to LM.

This variable resistance can therefore be used as feedback to control the height of the muscle
when moving up and down. PID control was used to control the height of the muscle depending
on the resistance measured. As the motor controller uses PWM, it sends bursts of voltage and
current, then turns off for a short period, then sends another burst. Resistance therefore was
checked by the Arduino for acceptable voltage and current measurement values before
calculating the resistance. A circular buffer was used to keep the average of the resistance based
on the last five measured values. This was used for the feedback. The average was used because
it smoothed out the response of the muscle, although it meant it didn’t respond to a change in

resistance as quickly.

Oxidation of the LM was also a complicated matter for position control. The LM oxide was
continuously being removed by the NaOH electrolyte, however, if a high power was applied

for ~1 s (for example), then the LM muscle would move down as its force would decrease,
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however, a thicker oxide layer than usual would be formed (due to the high power). Therefore,
the measured resistance would increase, despite the muscle moving down, so it would get stuck

in a positive reinforcement loop. This was avoided by tuning the PID to be less aggressive.

Displacement control for a Imm width slit muscle with a 10 g payload is shown in Figure 4.64.
The program was set to target resistances of 12, 10, and 9Q, going down, then back up, holding

for 10 s at each level.
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Figure 4.64 Displacement control of a 1 mm width slits CLMM with 10 g payload.

The position control is shown to be capable of repeatedly reaching a level and stabilising there

for ~10 s. The muscle tends to overshoot coming down, then level out afterwards. Coming back
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up, it is very flat and stable. This is the opposite of force control, where it tends to overshoot

for increasing force.

The position was also held at a level for 60 s, for the same muscle with a 10 g payload (Figure

4.65).
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Figure 4.65 CLMM hold position for 60 s.
The position is seen to rise slightly over the 60s. The variation is between 0.97 and 0.78 mm,
so less than 0.2 mm. Another position control test was done to determine the repeatability of

multiple movements to a specific resistance (9€2), with a short hold time of 5 s. The results are

shown in Figure 4.66.
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Figure 4.66 Repeated position control of CLMM.

The displacement reached varies from 1.60 to 1.24 mm, although there is also some fluctuations
during the hold times. The maximum displacement reached gradually reduces with increased

time.

4.6 Applications of the CLMM

4.6.1 Damping

The high force variability of the CLMM means that a potential application for it is as a variable
damper, where it can be used instead of magnetorheological fluid dampers, which are bulky

and require high magnetic fields [19].

The CLMM was tested as a variable damper. The MTS was used for compression of the muscle

and data collection. The MTS moved down to compress the muscle by a maximum of Imm
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then lifted back up. It moved at a speed of 10mm min™'. The muscle used for damping was a
Imm width slit muscle. The top of the muscle was also stuck to the top moveable plate of the
MTS. In order to test its variable damping, the motor controller was used to change the PWM
duty cycle so that the average voltage was 3.5V for 2 cycles, 2.5V for 2 cycles, and then was

off for two cycles. The results are shown in Figure 4.67.
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Figure 4.67 Force variation with (A) time and (B) displacement using 1mm slit width
CLMM as a damper with differing oxidative voltages applied.

The variable voltage can be seen to have a clear effect on the damping force. In the case of no
voltage applied, the damping force reaches a maximum of 0.39 N. This is lowered to 0.11 N for
the 2.5 V average applied voltage and 0.07 N for the 3.5 V average. Additionally, the force
measured with displacement graph shows that increased voltage results in measured force
increasing from O N at later displacements (0.01 mm for 2.5 V and 0.28 mm for 3.5 V), meaning

more movement can occur with no damping force.
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4.6.2 Soft Diaphragm

The LM muscle also shows great potential for use in soft robotic applications due to its fluidic

nature, ease of control and high force output.

In previous tests the top of the LM muscle was free to move, so LM could push it, and the
measured force would change. A different design is possible, in which the slits are held in place
and an outlet is connected to the bottom of the LM muscle container. The outlet is then
connected to a soft robotic element (such as a diaphragm). By filling up the diaphragm with
LM so it is under some pressure (but not too much) LM will want to go into the slits. If the
pressure is right, it is not quite enough to push LM into the slits. Oxidising LM will mean the
pressure required for LM to enter the slits is lowered, and the LM flows through the inlet/outlet
into the slits. This causes the diaphragm to deflate. Reducing LM causes the pressure to keep it

in the slits to increase, so it is pushed out the slits and through the outlet, inflating the diaphragm.

Figure 4.68 Container (A) with original outlet design and (B) with final design.
Scale bars are 10 mm.
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The inlet/outlet needs to be relatively large so that the flow of LM is unimpeded (see Figure
4.68A). An initial test used a small (1mm inner diameter) outlet, however, LM did not move in
and out of it as the pressure required to push it through the gap was too high. The final design
used a rectangular outlet, 2 mm high and 5 mm wide, which LM could easily flow in and out

of (Figure 4.68B).

To make a diaphragm for testing, Ecoflex 00-20 elastomer was used. Ecoflex elastomer is
extremely soft and elastic, being able to be stretched over 200%. 50% Ecoflex part A and 50%
part B were mixed by hand in a plastic cup, and then degassed in a desiccator. The mixture was
then poured into two 3D printed moulds, one for the top, and one for the bottom. The mould
shown has a chamber diameter of 15 mm. Thickness of Ecoflex top and bottom was 1mm. The
Ecoflex was left to cure at room temperature for 2 hours. After peeling out of the moulds, the
top and bottom layers were stuck together with fresh Ecoflex. On the bottom side, a layer of
paper was added, with a small amount of Ecoflex coating it to stick it on. This is because paper
cannot be stretched, so it prevents that side of the diaphragm from expanding as much. See

Figure 4.69 for the finished diaphragm.

B
Ecoflex
Inelastic
layer
(paper)
Mould

A

Figure 4.69 Soft diaphragm for expansion by CLMM. (A) Diagram of diaphragm
expanding with increased pressure due to LM entering. (B) Diaphragm mould. (C)
Completed diaphragm.

Scale bars are 10 mm.
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The soft diaphragm was tested using a 0.5 mm width slit LM muscle, with the slits held in place.

A custom clip was placed over the connection between the outlet and the diaphragm to prevent

leaks of LM.

Tcm

Figure 4.70 Soft diaphragm movement by oxidising and reducing LM in the CLMM.

The diaphragm can be seen to repeatedly inflate and deflate with applied potential to the LM

muscle (see Figure 4.70).

4.6.3 Soft Robotic Finger

In addition to the diaphragm, a soft robotic finger was also created. The finger structure is made
of a series of ridges which inflate with pressure. The other side has no ridges and does not

expand, so the overall structure bends when pressure is increased.

The finger was more complex to make than the diaphragm. A diagram of how the finger moves

and pictures of the moulds and the completed finger are shown in Figure 4.71. The ridge
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structure requires a bottom and a top which fit together accurately so the ridges can inflate and

push each other apart.

B

Ecoflex

Inelastic
layer
(paper)
Mould

Assembled
mould

Figure 4.71 Soft finger actuated using CLMM. (A) Diagram of soft finger. (B) Moulds for
making the soft robotic finger. (C) Completed soft finger
Scale bars are 10 mm.

Many iterations of the design were made to optimise the performance. As LM has a high density
(6280 g L) [20], it will weigh down the finger structure, so a lower amount of LM is preferable.
However, the structure cannot be too small otherwise the LM will not generate enough force to
inflate the finger. Different designs increased the width of the finger, the height and length of
the ridges, and the number of ridges. The final design used ridges which were 2 mm high and

8 mm wide. The Ecoflex layer was 0.8 mm. If it was too thin it tended to break.

The final finger design was tested with 0.5 mm slit width muscle, with a large amount of

movement when oxidised and reduced (Figure 4.72).
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Figure 4.72 Movement of the soft robotic finger when LM in the CLMM is oxidised and
reduced.

4.6.4 Gripper

Soft grippers are important for robotics applications as they can grasp delicate objects without
damaging them. A soft gripper was made with the LM muscle, which utilised two diaphragms
on either side of a gap. The diaphragms expanded when LM was in its high interfacial tension
state and deflated when LM was oxidised. The soft gripper was shown to pick up an object, and

then put it back down (see Figure 4.73).
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Figure 4.73 A soft robotic gripper inflated and deflated by CLMM picking up and putting
down an object.
Scale bar is 10 mm.

4.6.5 1Kg Lifting muscle

To fully demonstrate the potential strength of the CLMM, an extra large (100 mm diameter, slit
width 0.6 mm) version was made. This was able to lift 1 kg (see Figure 4.74). This large muscle
was made using the Ultimaker printer rather than the Formlabs as the prints failed for large

diameters using the Formlabs.

179



Figure 4.74 An extra large CLMM lifting 1 kg.

4.7 Reducing the Size of Slits Below 0.5mm for Greater Force

So far, the smallest size slit tested has been 0.5 mm wide. As the theoretical force scales with
the inverse of slit width, it was desired to make LM muscles with even smaller slit sizes. The
Formlabs printer got blocked at lower than 0.5 mm slit sizes due to the viscosity of the resin
meaning that it remained in the slits. The Ultimaker S5 FDM printer could print slits with a
minimum width of 0.3 mm, however, the printed PLA quickly weakened and broke when

exposed to NaOH solution. Therefore, alternatives had to be tried.

A Boston Microfluidics S130 printer (resolution of 2um) was used to print LM muscles with
slit sizes of 100 and 300 microns. The radius of the muscles was smaller than for the others
previously made, 6 mm rather than 10 mm. The height was 11 mm for the 100 micron slit width
and 6mm for the 300 micron slit width version. This was so it was faster to print. A small
container for testing was also made, which was set to be 100 microns in diameter larger than
the outer radius of the LM muscle tops so it could move freely but also not have LM push
around the sides of it. A small topper for threading the electrode was also made using the
Formlabs printer. See Figure 4.75 for images of the extra small slit CLMM and top electrode.

180



Figure 4.75 Pictures of the extra small slits CLMM and the manufactured top electrode.
Scale bars are 5 mm.

The muscle was attempted to be tested, however, after putting the 100 micron slit width LM
muscle top in the container with LM and electrolyte, it could not be moved up again. The very
small gap <100 microns between the LM muscle top sides and the container's inner walls meant
that it created a seal, so could not be moved upwards. It was able to be removed by taking out
the wire from the container, however, that then split. An alternative method for testing was
required due to the sealing effect.
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4.7.1 Diaphragm for Testing Thin Slit Force Change

A diaphragm setup was devised to be able to test the force of the thin slit muscles. (See Figure
4.76). The CLMM slits were glued within a 3D printed polycarbonate (PC) tube, fully sealed
around the edges. A wire was pushed through a gap in the side and sealed with glue. LM and

electrolyte could then be added at the bottom, then a PDMS membrane was clamped onto it

with another PC ring and bulldog clips.

Figure 4.76 Creation of the diaphragm test setup and putting in LM and clamping with
bulldog clips ready for testing.

The design was first tested with a spare 0.5 mm slit width CLMM to see if it worked. The top
side of the device was stuck onto the bottom of the top plate of the MTS with double sided tape
(Figure 4.77). A PC column pusher was used to compress the PDMS membrane, with the force

measured by the MTS. The results are shown in Figure 4.78.
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Figure 4.77 Diaphragm CLMM test setup.
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Figure 4.78 Force measurement for diaphragm test with 0.5 mm width slits.
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The CLMM diaphragm is shown to lower in force when oxidised and increase again when
reduced. The shape of the force change is different to that previously due to the elastic effects
of the PDMS membrane. The overall force change measured is 0.58 N, compared to 0.62 N for
the regular CLMM muscle with the same slit size. Therefore, there is some measured force loss
due to the PDMS membrane but only ~5%. The measured force does not drop to zero as there

needs to be some force to deform the PDMS enough to push LM into the slits.

After proving that the diaphragm design worked, the extra small slit width muscles were put

into similar setups and tested. The results for both are shown in Figure 4.79 and Figure 4.80.

62 2.35 -
6.15 2.3 4
6.1 2.25 4
6.05 2.2 4
z ® Z 515
@ 595 8
o S 24
o
L 5.9 s
2.05
5.85
2
5.8
5 4
575 1.95
5.7 . : . . ‘ ‘ 1.9
0 5 10 15 20 25 30 0 10 20 30 40 50
< Time (s)
2.65 - Time (s) 4.8
2.6 4 4.75
2.55
4.7
2.5 4
__2.45 465
= 3
£ i = 46
g 2 3
5 2.35 4 5 45
2.3 4 45
2.25 -
4.45
2.2 4
2.15 - 2.4
2.1 ‘ . ‘ ‘ , 4.35 . . . . ,
o 10 20 30 40 50 0 20 40 60 80 100
Time (s) Time (s)

Figure 4.79 Force change measured for 0.3 mm slit width CLMM within diaphragm setup.
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Figure 4.80 Force change measured for 0.1mm slit width CLMM within diaphragm setup.

Interestingly, the force of the small slit muscles does not decrease much when oxidised. The
force increases dramatically when a reductive potential ~20 V is applied. Force increase is ~0.35
N for 0.3 mm width sits and ~1.2 N for 0.1 mm width slits. Note that as the radius of these LM
muscles is 6 mm compared to 10 mm of previous designs, and as force scales with the square
of the overall radius, this is the equivalent of 1 N and 3.3 N, respectively. The effects of
oxidative potential on the measured force are very small, as seen on the right hand small dips

on the top right graph of the 0.3 mm slits data.

The force increase may be due to LM moving into the small channels by electrocapillarity.
Initially, the LM is just outside the slits. After a negative voltage is applied to LM, its effective
interfacial tension at the entrance to the slits is lowered due to increased capacitance of the EDL

between LM and the electrolyte [17]. This lowered interfacial tension results in a pressure
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gradient between LM at the entrance to the slits and the bulk below which causes LM to enter
into the slits [16, 21]. This results in increased force measured as LM within the slits still have
a relatively high interfacial tension. Alternatively, it may be caused by increased pressure due

to bubble generation during electrolysis.

For force to decrease during oxidation, LM must be pushed partway into the slits. For the
thinner slits, their volume is much lower and the pressure required to push LM into them is
greater. Therefore, LM may travel all the way through the slit to the other side rather than going
partway in, so the force cannot be lowered by oxidation in the same way as for 0.5 mm + width
slits. The height of the 0.1 mm and 0.3 mm slit muscles made (11 mm and 6 mm respectively)
was much smaller than the others made (21 mm). Making the small slit designs taller may

enable the oxidative force change to work.

4.7.2 Negative Voltage Applied Force Testing of 0.5mm Width Slit CLMM

The force change for LM reduction was tested for 0.5 mm width slits to compare with the force
change by oxidation. The LM muscle was placed on the HX711 force sensor, and the MTS was
lowered until just before LM was pushed into the slits (zero force from LM initially). Then a
reductive potential was applied, and the force was measured. The results are shown in Figure

4.81.
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Figure 4.81 Negative voltage applied force change for 0.5mm width slit CLMM.

The force can be seen to rise, similarly to for the smaller slits. The force starts to increase when
negative potential is applied to the LM, reaching a maximum of 0.19N (compared to 0.62N
force variation for oxidative). The measured force is seen to spike briefly when the negative
voltage is removed. This is because electrocapillarity lowers the interfacial tension of the LM
slightly. When the voltage is removed, the interfacial tension increases to maximum so the force

spikes. LM then starts to move out of the slits so the force drops.

Measured force change is much lower for reduction (0.19N) than for oxidation (0.62N) for
0.5mm width slits. Force change for thicker slits during reduction is lower as gravity means
LM will only travel a small way into the slits, and the small part of LM that enters the slits has

lowered interfacial tension also.
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Force rise and drop is much slower for reductive force increase than oxidative force decrease.
This may be because the increase in force is due to electrolysis bubble generation, which takes

time to build up bubbles and then to dissipate when voltage is removed.

As a comparison, the force change for 0.5mm width slits muscle when reduced when already

at maximum force was measured (see Figure 4.82).

0.8 - - -16

0.7 - L 14
0.6 - ’ L 12
=
_ 0.5 L"______,___———' - -10 %
z Force (N) S
Q0.4 A - -8 2
o 3
* 0.3 4 Voltage Applied (V)| -6 =
o
0.2 4 L 4 <

0.1 - | | L -2

O 1 T T T T O

0 0.5 1 1.5 2 2.5 3 3.5
Time (s)

Figure 4.82 Negative voltage applied force change for a 0.5 mm width slit CLMM when
already at maximum force.

It can be seen that the measured force drops when a reductive potential is applied and rises
when the voltage is turned off. This is as expected as the interfacial tension of the LM is lowered

with the applied reductive voltage due to electrocapillarity.
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4.7.3 Comparison of All Thickness of Slits CLMM with Theory

3.5 {

e Measured Force

Predicted Force

Force (N)

0 T ! ! T T T T T ! 1
0 100 200 300 400 500 600 700 800 9S00 1000

Slit width (um)

Figure 4.83 Measured and predicted force variation for a 10 mm overall radius CLMM
with varying slit widths.
Error bars are from the standard deviation of the measurements.

The measured values for force variation for all slit sizes were plotted against that predicted by
theory (Figure 4.83). The 0.3 and 0.1mm width slits force measurements were taken using the
negative voltage applied force change, whereas for 0.5mm and up, oxidative force change was

used. The measurements are seen to be in line with theory.
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4.7.4 Comparison with Other Voltage Controlled Liquid Actuators

As the LM muscle is able to generate pressure by applying voltage, a comparison with other
types of liquid actuators was made (Figure 4.84). Types of liquid based devices chosen were
droplet based LM muscles, hydraulically amplified self-healing electrostatic actuators

(HASEL), microhydraulic electrowetting, and electro conjugate force.

600 -

0~ E—
CLMM DLMM HASEL Hydraulic ECF
(this work) EW

Figure 4.84 Comparison of pressure variation per volt applied for different liquid based
actuators.
Data for comparison is taken from [5-12, 22-24].

This work was determined to have the greatest variation in pressure per volt applied over all of
the compared works. This shows the great potential that the CLMM has for use in a wide range
of applications, especially in cases where use of high voltages are not desired. Its force scaling

with the inverse of channel width also means it could be used in more small-scale devices.
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4.8 Summary

An all-new type of soft actuator has been created, which utilises the super-high change in
interfacial tension of liquid metal and uses it to generate force and movement by confining it
into small channels. The pressure that is required to push the liquid metal into the small channels
increases with reducing the width of the channels. The voltage required to change force is
relatively low (~10 V), force change occurs almost instantly (<25 ms reaction time) and force
can be controlled with ~0.03N accuracy. The movement speed is fast (36.3mm s™') and position
can be controlled based on the measured resistance. This new type of actuator can be used to
create new and improved soft devices. Previous soft muscles often require the use of high
voltages [9], or external pumps [2], which limits their usability. The CLMM requires neither of
these. Its fluidic nature means that it can be used for a range of soft diaphragms and grippers.
It is also relatively simple to manufacture, with most of the designs shown in this work made
using commercially available 3D printers. Overall, the CLMM demonstrates an exciting new

actuator type which can make a large impact in the soft robotics field.
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5. Conclusion and Future Work

5.1 Conclusion

This thesis has explored the use of liquid metals and low melting point alloys in robotic systems

in two different, complementary ways.

Firstly, different LM actuation types were detailed, including oxidation and reduction,
continuous electowetting, electrocapillarity, electrowetting on dielectric, electrostatic and

magnetic, and their relative performance compared.

Afterwards, an innovative, new smart material, Field’s metal hybrid elastomer (FMHE) was
created which is able to change stiffness and resistance in response to strain. It used the low
melting point (62 °C) of Field’s metal alloy to soften by 67%. The resistivity of the FMHE
decreased by orders of magnitude when stretched or compressed due to the conductive filler
network of nickel and Field’s metal microparticles. When applying an electric potential across
the composite while under strain, the composite is heated due to its high conductivity and Joule
heating. This melted the Field’s metal, softening the composite. Melting also caused the
resistance to increase as the Field’s metal particles moved away slightly from nearby conductive
particles to relieve their stress. This then reduced the current through the composite and cooled
it down. The FMHE was used for two different proof-of-concept applications - a compliance

unit for a robotic gripper, and a resettable fuse.

FMHE offers researchers and industry a new, alternative means to accomplish strain sensing
with stiffness changing capabilities. It is the first material of its kind which is able to change

conductivity by several orders of magnitude, and also change stiffness by ~67%.
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Secondly, a new type of actuator was created, the capillary liquid metal muscle (CLMM), which
used the super-high change in interfacial tension of LM when oxidised to generate force and
movement. The muscle design uses a series of channels for LM to flow into, which increases
the force generated dramatically in comparison to droplets of liquid metal. The theory was
analysed, showing that the force generated scales with the inverse of the width of the channels,
and with the overall area of the device. The design of the muscle was optimised over multiple
designs, with a final design using rectangular slits to achieve high force and stroke. Force
change was tested for various slit widths and frequencies, and was found to be in line with that
predicted by theory. The force generated could be controlled using PWM and feedback to a PID
controller. The speed of movement of the muscle with a mass payload reached a maximum of
36.3 mm s™!. The position of the muscle could be controlled by measuring the resistance change
with height LM moved into the channels. Designs with slit widths as low as 0.1 mm were made
and tested using a compressible PDMS diaphragm. The smaller slit designs showed the reverse
of force change characteristics compared to those with 0.5 mm+ slit width. Force increased
sharply for the smaller slits when reductive potential was applied to the LM, due to either the
electrocapillarity effect or electrochemical bubble generation. Oxidation was seen to have little
effect for the smaller slit designs, possibly because LM flows through the smaller size channels.
The LM muscle was used for various proof of concept applications, such as damping, and soft

robotic elements such as a gripper.

The CLMM uses an innovative channel type design to increase the output force of LM by
several times over that reported for previous droplet-based muscles. CLMM offers a new means
to achieve actuation in soft systems, driven by low voltages, and increasing in generated force

for smaller channel sizes.
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5.2 Future Work

Further work can be done on each of the projects detailed in this thesis.

5.2.1 FMHE

Changing the surface of the FMHE so it has a series of small pyramidal structures would
concentrate the strain into small areas [1]. This could improve the sensitivity of the elastomer

and enable the melting and softening of small zones.

Using two different sizes of Field’s metal particles could eliminate the use of Nickel in the
composite, allowing greater stiffness variation. Nickel microparticles of size between 2-5 pm
were used in the FMHE, with Field’s metal particles with an average size of 15-30 um. Making
a mixture containing smaller FM microparticles first, then adding the larger microparticles
could mean Nickel microparticles are not needed for the improved piezoconductive effects

when under strain.

5.2.2 CLMM

Future work on the CLMM can further reduce the channel size to determine the maximum
possible force variation. It can also find if oxidative force change is possible for small slit
designs. A simulation of LM changing interfacial tension when oxidised/reduced could be made

also.

Using small slits, it should be possible to make an untethered soft robot at ~10 mm scale or
smaller. The pressure change from LM could push a small joint to move from one position to

another repeatedly, similar to spiders, which use hydraulic joints for their legs [2].

195



An all-soft LM muscle design could be made for soft robotics. Currently, channels and the
container are made using hard resin. If they were made using PDMS, with an outlet for LM to
flow in and out of, it would be completely soft. The PDMS would have to have a lot of cross

supports between channels so it doesn’t deform too much, however.

The efficiency of the muscle could also be improved by using different electrolytes or by

lowering the voltage to reduce electrolysis.

As NaOH electrolyte was used in the CLMM to enable it to function by utilising
electrochemical oxidation/reduction, this may limit the number of applications it can be used
in. NaOH solution can cause skin irritation, depending on the concentration [3]. To increase the
usability of CLMM, more alternative electrolytes can be tested in addition to the NaOH and
NazPOy already tried. Additionally, a design which enables the CLMM to function and prevent
leakage of LM and electrolyte would be required. However, batteries have electrolytes in them
to facilitate their electrochemical reactions [4], and are used in a lot of consumer electronics-

so use of electrolytes does not necessarily prevent CLMM from widespread use.

New designs of the CLMM are also possible, using thinner walls to increase the maximum
stroke available. Multiple electrodes could be placed along the channel and turned on or off as
LM neared it. This would further increase the possible stroke as there would be less electrolyte

required.

Additionally, CLMM could be used in conjunction with variable stiffness composites such as

FMHE to make smart soft robots with reconfigurable functionality.
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