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Abstract

Natural muscles, a result of more than 500 millions years of evolution, are elegant machines
that generate force and motion electrochemically. The brief history of robotics does not have
the luxury of millions of years to reverse-engineer many aspects of life. The development of
artificial muscles therefore seeks to build more muscle-like actuators for robots. Recent ad-
vances in the engineering of soft materials have led to the exploration of new paradigms for
building artificial muscles from matters that share similar properties with biological tissues.
A diversity of physical phenomena has also been used to drive an actuator. Among those
are the control of the surface energy of a liquid metal, which often has a significant sur-
face tension which becomes predominant at very small (~mm and ~um) scales. This work
formulates a paradigm for building artificial muscles that utilizes eutectic gallium-indium
(EGaln), aliquid metal alloy (melting point ~15.5 °C) which has a very large surface tension
(~624 mN/m) in the absence of surface gallium oxide (GazO3), as an active material and
demonstrates key points in the realization a new class of artificial muscles based on the re-
markable controllability of surface tension by electrocapillarity and surface oxidation with
small voltages (~1 V). Two different form factors are demonstrated. First, a hybrid struc-
ture of coil spring and EGaln that is capable of contraction in an aqueous sodium hydroxide
(NaOH) solution is modeled and experimentally characterized. Second, a core-shell hybrid
of EGaln and polyacrylamide-potassium-hydroxide (PAAm-KOH) hydrogel as an equiva-
lent device is hypothesized and validated. Limitations and issues are discussed. A broader
perspective is also provided on the role and uniqueness of this artificial muscle paradigm in

the current robotics landscape.
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Chapter 1

Introduction

This work presents a paradigm for building artificial muscles from liquids and gels that
can generate force and motion electrochemically. In Nature, muscles are elegant machines
that, when activated by electrical impulses in the nervous system, produce force with chem-
ical energy. The need for more muscle-like function in robots has motivated the recent
advances in soft actuators based on a wide range of materials and physical principles [131,

48]. An analogy between the natural and the artificial muscles is shown in Figure 1.1.

The quest for life-like machines has been propelling researchers in robotics to reverse-
engineer any aspect of life. This includes the abilities to see [68], to learn [91, 92], to think
[111], to move [128, 109, 126, 22], to grow [29], to heal [85, 118], and to evolve [17, 16].
From an evolutionary standpoint, the mobility - the ability of a being to move voluntarily -
has been of particular importance for many living organisms to function since the genesis
of Haootia quadriformis, one of the earliest animal species (~ 560 million years ago) known
to show fossil evidence of muscle fibers [77]. Similarly, artificial muscles are necessary for a

robot to move or manipulate like animals.



Natural muscle Artificial muscle (e.g., DEA)

Figure 1.1: Illustration of natural and artificial muscles as stimuli-responsive machines that
transform some form of energy into mechanical work. A dielectric elastomer actuator
(DEA) is used as an example of artificial muscles.

In the brief history of robotics that merely spans a few decades, in contrast with millions
of years of biological evolution, robots are, like most machines, actuated mainly by conven-
tional electromagnetic rotary motors or hydraulics that are made of rigid materials, which
limit their mechanical compliance and adaptability to external environment [80]. Another
drawback of electric motors as robotic actuators is that their power output is maximized at
higher speeds and thus they often need to be geared down for use [93] unless introducing
a direct-drive, transmission-free mechanism [4, 5], both of which introduces extra compo-
nents, weight, and energy loss unlike their biological counterpart. For small-scale robots
like micromechanical flying insects (MFI), it is often infeasible to scale down electric mo-
tors and gears due to lower power efficiency and higher friction as the size decreases [127].

These all have motivated recent research in new generations of muscle-like actuators.



A key aspect of the development of artificial muscles is the engineering of soft matters,
including liquids, colloids, gels, polymers and liquid crystals. These intrinsically soft materi-
als that exhibit elastic and/or viscous characteristics, are particularly well-suited for building
actuators to achieve muscle-like functions for several reasons. First, their high deformabil-
ity allows for greater force production per unit surface. Second, they can be activated by a
variety of stimuli such as electricity, magnetic fields, pressurized fluids, heat, light, and pH
[48]. Also, some artificial muscles even outperform their natural counterpart by some met-
rics. Dielectric elastomer actuators (DEA), for example, feature a very high work density ~
1,000 J/m® [48, 87, 78, 3], compared to 8-40 J/m? in natural muscles [87, 79, 52, 89], which
implies that, when ignoring the power source, a DEA needs much less mass to output the
same work since they have similar densities [78]. Finally, compared to long-established rigid
structure of robots, soft-bodied robots built with soft-matter artificial muscles that match the
compliance and stiffness of skeletal muscles (shear modulus ~16.13 kPa [26]) will be more
capable of human-like or animal-like functions in Nature and, therefore, more suitable for a
number of practical applications such as cooperative robots for healthcare, lightweight pros-
thetics, wearable robots, robots for minimally invasive surgery, robots for pipe inspection,

and robots for military reconnaissance [80].

The focus of this work is the actuation of eutectic gallium-indium (EGaln, Figure 1.2)
- an electrically conductive liquid metal alloy (75% gallium and 25% indium by weight, ~
15.5°C melting point [23]) which has a very large surface tension ~ 624 mJ/m? in the absence
of oxide skin on the surface [23]. When oxidized on the surface, the surface tension of EGaln
drops to near zero, a phenomenon that is reversibly controllable by rapid electrochemical
reactions using low voltages (~ 1 V) [60, 25]. This work identifies and demonstrates key

points in the realization of a new class of artificial muscles based on electrochemical surface



tension tuning of liquid metals. While the ultimate goal is to create a self-contained cell that
share more characteristics with muscle cells and can be used as the building block for future

robots, what is reported here is a step along the path.

Figure 1.2: Images of a droplet of eutectic gallium-indium (EGaln) immersed in potassium
hydroxide (KOH) solution. (A) The droplet is nearly spherical due to high surface energy.
(B) When gallium oxide is formed on the surface, the droplet flattens due to drastically low-
ered (~ 0) surface tension.

1.1 Muscles in Nature

Biological insight of the principles and performance of natural muscles has been used for
the development and benchmarking of artificial muscles. Figure 1.3 presents images of a top-
down hierarchy of the muscular system in an animal. A summary of selected properties in
this hierarchy is listed in Table 1.1. Unlike most current artificial muscles, a biological muscle
is a machine that transforms chemical energy released by ATP hydrolysis into mechanical

work.



(f)

Figure 1.3: Images of the hierarchy of skeletal muscle. (a) Caterpillar (b) Muscle tissue (c)
A Muscle cell (muscle fiber) is a basic cellular unit, which is a bundle of even smaller fibers
called myofibrils. (d) Myofibril (e) A sarcomere is the basic contractile unit. (f) Actin (thin)
and myosin (thick) filaments are responsible for the microscopic sliding and macroscopic
contraction of muscles. Titin (elastic) filaments anchor myosins. Image sources: (a) from
[81], (b) from [8], (c,d) from [84], (e) from [42], (f) from [114].



Table 1.1: Summary of the hierarchy of mammal skeletal muscles. The shortest muscle in
human is the stapedius (~ 1 mm) in the middle ear and the largest is the sartorius (~ 600
mm) along the thigh. The exact length of the longest muscle in blue whales, due to lack of

data, is approximated to their whole body length.

Unit

Diameter

Length

Function

Muscle cell (muscle
fiber) [52, 103, 44,
12]

¢ 50 um (human)
« 100 um (frog)

e 1-600 mm (hu-
man)

e« Up to ~ 30 m

Cellular unit. Can function
in vitro. Consists of a bun-
dle of myofibrils.

(blue whale)
Myofibril [52] 2 um (same as above) Long chain of sarcomeres
Sarcomere [101, 21] | (same as above) ~ 2 um Basic contractile unit
Myosin  filament | 15 nm ~ 1.85 um Slide past each other to gen-
[101, 51] erate movement
Actin filament [101, | 7 nm ~1pum (same as above)
20]
Titin filament [101, | 1 nm 43 nm Springy protein.  Anchor

121]

myosin filaments to the end
of sarcomere and prevent
overstretching.




By the sliding filament theory introduced by Huxley et al. in 1954 [53, 33, 43, 108], the
contraction of muscles involves sliding of thin actin filaments past thick myosin filaments
inside a sarcomere, where a burst of calcium ions (stimulated by an action potential ~ 15 mV
at the neuromuscular junction [69, 101]) causes myosin heads to rotate and detach from
actin, thereby initiating a power stroke (force ~ 2 pN, displacement ~ 10 nm [19, 54, 52, 32,

64]) which shortens the entire sarcomere.

The physical properties (e.g., length scale, density, and elastic modulus) and actuation
performance (e.g., strain/stress output, work density, power-to-mass ratio) summarized in
Table 1.2 are often a benchmark for comparing artificial muscles. Natural muscles are also
characterized by their storage of own energy source (in the form of glycogen) and self-
healing, growth and long-term adaptability (i.e., muscle hypertrophy or atrophy) in response

to hyperactivity or inactivity.

1.2 Artificial Muscles for Robots

In this work, an artificial muscle is defined as a synthetic and intrinsically deformable
material that, when activated by an external stimulus, consumes power and produces force
and motion. The terms soft actuator and artificial muscle are used interchangeably in this

regard.

Modern artificial muscles date back to the 1950s, when J. L. McKibben adapted a pres-
surized cylindrical bladder for use as an orthotic device [65, 66]. It is capable of linear con-
traction because any radial expansion in volume is confined by the braided mesh. Originally
used as an orthotic appliance for polio patients, it was not until 1955 that the McKibben ac-

tuator was patented by Richard H. Gaylord as a standalone pneumatic device [37].



Table 1.2: Properties of skeletal muscles. The length scale of longest mammalian muscle is
approximated by the whole body length of blue whales.

Property

Values

Strain output (%) [87, 89, 79]

20 (typical)-40 (max)

Stress output (MPa) [87, 89, 79]

e 0.1-0.35 (human)
e 1 (mollusk)

Work density (kJ/m?) [89]

8 (typical)-40 (max)

Power-to-mass ratio (W/kg) [89]

¢ 50-284 (human)

¢ 75-309 (humming bird)

« 350 (bumble bee)

14,000 (chameleon tongue)

* 36,000-74,000 (froghopper)

» 37,600-160,300 (planthopper)

Length scale [103, 44, 12]

¢ 1 mm-0.6 m (human)

e 1 mm-30 m (mammals)

Strain rate (%/s) [87]

500

Density (kg/m®) [87, 122] 1,037-1,060
Elastic modulus (MPa) [87] 10-60
Efficiency (%) [79, 46] 40
Bandwidth (Hz) [89] 20

Cycle life [87] 10°




This section presents a comparative overview of the recent advances in artificial mus-
cles that have transformed the landscape of robotics. Among a diversity of actuators, those
that are electrically activated are discussed in more details for the following reasons. First,
electrical signals are easier to modulate by magnitude, phase, and frequency [48]. Second,
actuators that are electrically driven are often significantly more efficient than, for example,
those driven by thermal expansion. Finally, these actuators are already compatible and inte-
grable with modern electronic circuitry and hence more suitable for building an untethered
autonomous robot [105, 48] than other types of artificial muscles (e.g., pH-activated actua-

tors).

1.2.1 Overview of Soft Actuators

Soft actuators are often categorized by the form of their energy source, as summarized
in the following list. It is worth mentioning that this classification is not absolute because
some actuators take energy in some form that is, in turn, converted from another form. Joule
heating is a typical example, where electrical energy is used to generate thermal energy in
many applications such as the heating of shape-memory alloy. Also, some matters like liquid

crystals can be activated by different power sources [48].

o Electrical — There are plenty of soft materials that are able to convert electrical en-
ergy into mechanical work. Dielectric elastomer actuators (DEAs) [140, 67, 100, 87, 3,
58, 59, 57] are an typical example, in which a stack of thin elastomer films (thickness
t) sandwiched between conformable electrodes, when applied a voltage on the order
of kV, can be compressed by Maxwell stress due to the attraction between opposite

charges. The primary weakness of DEAs is the requirement of high voltages, which

10



cannot be delivered with miniaturized electronics. As another example, liquid-crystal
elastomer actuators (LCEs) are slightly crosslinked liquid crystal networks which com-
bine the self-organizing property of liquid crystals and the elasticity of elastomers [97,
71]. When an electric field (on the order of megavolts) is applied, the isotropically ori-
ented liquid crystal molecules (mesogens) are aligned along the field lines, resulting in
an overall deformation [71, 48]. A strain output of ~ 30% was demonstrated [35]. Be-
side the need for high voltages, a significant drawback of LCEs is that they can take up
to ~ 103 s to relax [48, 133, 136]. Electrical artificial muscles can also be activated ion-
ically. These include the ionic polymer-metal composites (IPMCs) [40, 15, 28] and
ionic gels [70, 98, 2]. In both cases, the structures with freely moving ions are able
to bend when a voltage is applied, resulting in a localized stress due to asymmetrical
swelling. Drawbacks of IPMCs include low actuation bandwidth (<100 Hz [28]), high

cost of noble metals, issues of drying out and environmental unfriendliness [48].

Magnetic - Forces can be generated and remotely controlled in a magnet-incorporated
compound by applying an external magnetic field. This type of actuators feature high-
frequency operations (~ 100 Hz) [36], programmability to generate motion with mul-
tiple degrees of freedom with foldable structures [74, 90], and are often ideal for ap-
plications such as targeted drug delivery [113, 24, 117] in small-scale confined spaces
in environments that can be penetrated through by a magnetic field. The limitations
of this type of actuators include lack of scalability and high power consumption [48].
The requirement of external hardware also makes it difficult to integrate them into a

fully self-contained system.

Thermal — A number of soft materials can deform in response to heat either by ther-

mal expansion or phase transition. Two typical examples of phase transitioning based

11



actuators are shape-memory alloys (SMA) and liquid crystal (LC) materials. The for-
mer leverages the shape-memory effects due to the reconfigurable crystal structure
of some alloys such as nickel titanium (nitinol) [109] while the latter takes advantage
of the phase transition between isotropic and anisotropic alignments of mesogens,
which can lead to very large strain (>300% [124]) if properly initialized In all cases,
however, thermal actuators often suffer from low deactivation speed due to heat dis-

sipation issues and hence a limited bandwidth [105].

Chemical - Energy released in numerous chemical reactions, such as redox [94, 56],
changes in pH [132], and altering of material properties of polymers by a variety of

organic solvents and based [72], can lead to the deformation of a number of materials.

12



Electrically-Actuated
Avrtificial Muscle

(C3)

Figure 1.4: Images of previous work on artificial muscles, categorized by materials (A1-A4),
energy sources (B1-B4) and actuation principles (C1-C4). (Al) Elastomers (A2) Shape-
memory alloys (A3) Liquid crystals (A4) Hydrogels (B1) Electricity (B2) Magnetic Field
(B3) Heat (B4) Chemical (C1) Coulomb forces (C2) Ionic diffusion (C3) Phase transition
(C4) Magnetic gradients. From [109, 59, 98, 137, 88, 41, 90].

1.2.2 Actuator Performance

The performance of the electrical artificial muscles in Section 1.2.1, including those
which are non-ionically driven (DEAs, LCEs) and those which are ionically driven (IPMCs,
ionic gels) is summarized in Tables 1.3, 1.4 and 1.5. It is worth noting that the orders of mag-
nitude of operating voltage are correlated to whether an artificial muscle is driven by electric
fields (~ kV for DEAs, ~ mV for LCEs) or diffusion of ions (~ V for IPMCs and ionic gels).
Another observation is that, while many artificial muscles surpass natural muscles by some
metrics (e.g., DEA can output up to ~1,000% compared to ~20% by natural muscles), none
matches natural muscles’ unique combination of high power-to-mass ratio, wide range of

length scales, and long cycle life.
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Table 1.3: Properties of selected electrical artificial muscles. Values marked with T are ap-
proximate. The (peak) stress represents the maximum force per unit cross-sectional area
that an artificial muscle is able to generate. The power-to-mass ratio of IPMCs is calculated
by taking the measurement 870 W/m? from [7] and the density 1,500 kg/m*® from [86].

Strain Stress Strain Work Power-
rate density to-mass

Units % MPa %/s kJ/m? W/kg
Dielectric elastomer (DEA) | 10-1,000 | 1-10F 10° T 3,000 0.1
[48, 87, 57] i
Liquid-crystal elastomer | 1-30 T 0.25 10t 7 107
(LCE) [133, 119, 120]
Ionic polymer metallic com- | 1-3 3 1007 5.5 0.58
posites (IPMC) [438, 86, 7, 86]
Tonic gels [89] 90 4 460

Table 1.4: Properties of selected electrical artificial muscles (continued). Values marked
with T are approximate. The density and elastic modulus of DEAs are taken as those of
VHB 4910 [18] by assuming electrodes with negligible thickness (e.g., 20 nm in [100]). The
density and modulus of LCEs are approximated by those of Sylgard 184 (Dow Corning),
a common silicone elastomer [55, 30]. Note that the density of liquid crystals in nematic
phase is near 1 kg/m® [63] and is very similar to that of Sylgard 184. The modulus of IPMCs
(>50% hydration) is approximated [95]. The density of ionic gels is approximated by that of
water. The modulus of ionic gels is taken as that of typical hydrogels [141].

Operating | Length Density Elastic
voltage scale modulus
Units A% m kg/m> MPa
Dielectric elastomer (DEA) | 1-10 kV lum-1cm ™ | 960 0.22
(48, 11, 18]
Liquid-crystal elastomer | 1-1,500kV | Inm-lcm T | 982 17
(LCE) [48, 39, 133, 71, 30]
Tonic polymer metallic com- | 1-5V 7 lum-lcm ™ | 1,500 100
posites (IPMC) [48, 86, 95]
Tonic gels [70, 141] 1-10V lum-1cm © | 1000 017

14



Table 1.5: Properties of selected electrical artificial muscles (continued). The bandwidth
represents the range of frequencies at which an artificial muscle can be continuously acti-

vated.

Efficiency | Bandwidth | Cycle life
Units % Hz cycles
Dielectric elastomer (DEA) [89, | 90 10k 10°
59]
Liquid-crystal elastomer (LCE) | 75 133
(129, 71]
Ionic polymer metallic compos- | 1.5 100
ites(IPMC) [48, 86]
Tonic gels [112] 0.5

15



To better compare the performance between natural and artificial muscles, Figures 1.5,

1.6 and 1.7 show the plots of some selected properties.

1000¢ SMA
©
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5
=3
=
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n
2 1ol o DEA
n IPMC lonic gel
usc\e
qural ™
1t ne \ CE
[
1 5 10 50 100 500

Strain output (%)
Figure 1.5: Plot of stress vs. strain output of natural muscles, electric motor, and electrical

artificial muscles. Note that some values are cited from different sources and approximate
as in Table 1.3. Plot scales are logarithmic.
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Figure 1.6: Plot of work density vs. strain rate of natural muscles, electric motor, and electri-
cal artificial muscles. Note that some values are cited from different sources and approximate
as in Table 1.3. Plot scales are logarithmic.
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Figure 1.7: Plot of operating voltage vs. bandwidth (highest operating frequency) of natural

muscles, electric motor, and electrical artificial muscles. Note that some values are cited
from different sources and approximate as in Tables 1.4 and 1.5. Plot scales are logarithmic.
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1.3 Overview of Surface Tension Based Actuation

Surface tension is a highly promising principle for building actuators at miniature scales,
where the stress output (o0 = F'-L=2) given by surface tension (which has units of N/m) scales
with dimension by o o< L~!. Compared to most other paradigms of actuation (with fixed
o for most actuator whose force output scales with their cross-sectional areas, e.g., natural
muscles and DEAs, or with o «< L because F' o< 3, e.g., magnetic field driven actuators), as
the actuator scales down, there will eventually come a size regime in which surface tension
becomes dominant [116, 48]. Metals and alloys that are liquid at room temperature are
particularly suitable for this type of actuation because of their huge surface tension (normally

hundreds of mN/m).

1.3.1 Electrocapillarity

When a liquid metal is in contact with an electrolytic solution, a pair of two parallel
arrays of opposite charges, called electrical double layer, forms on the surface of the liquid
metal [38]. This phenomenon is illustrated in Figure 1.8. Since all metals are good electrical
conductors (e.g., EGaln has a resistivity of ~ 29.4 x 1076 w-cm [23]), the liquid metal of
interest here is also referred to as the electrode. Likewise, the electrolyte itself is viewed as
the counter-electrode and the reference potential. Interestingly, the surface tension of the
liquid metal depends on its potential relative to counter-electrode, a phenomenon called
electrocapillarity [38]. This can be explained by the fact that the double layer is effectively a
capacitor whose charge density changes with electrode potential [25]. Any decrease in the
capacitive energy will lead to an increase of the liquid metal and hence changing the surface

tension [25].
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Figure 1.8: Illustration of the formation of an electrical double layer on the metal surface in
an electrolyte.

That surface tension can be viewed as a function of potential is ideally captured by the

Lippmann equation [38]

dy
- _ 1.1
dE 1 (L.1)

where 7 is the surface tension of the liquid metal, £ is the electrode potential, and ¢ is the
charge density on the surface.
Let 7o and E, be the surface tension and potential at the potential of zero charge (where

q = 0) respectively. Taking the derivatives of both sides of Equation (1.1) yields

d*y dq
@y aq 12
a5z~ ap ¢ (1.2)

Note that the differential capacitance Cj here is a voltage-independent term [38]. Solv-

ing Equations (1.1) and (1.2) for -y gives a clearer form of surface tension-potential relation-
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ship [25, 60].

E gy B 1 )
’y:’yoJr[ —dE:%—/ GdE =~ - ~Cy (E - Ey) (1.3)
Eo dE Eo 2

The quadratic function y( F') given by Equation (1.3) is used to characterize liquid metals
(e.g., mercury and gallium) in literatures [83, 6, 34]. In summary, electrocapillarity provides
a principle of actuation by tuning the surface tension of liquid metals. The operating voltage
required to generate some specified force is dependent on the electrocapillary curve of the
liquid metal in a certain electrolyte. It should be noted that the surface activity described
here, which is characterized by the Lippmann equation, does not involve oxidation on the

surface.

1.3.2 Surface Oxidation of Liquid Metal

Apart from electrocapillary tuning of surface tension, liquid metals can also be oxidized
on the surface to create an oxide skin, which is effectively a surfactant that lowers the surface
tension to near zero [60]. This is achieved by immersing the liquid metal into an aqueous
solution of hydroxides of alkali metals, such as sodium hydroxide (NaOH) or potassium

hydroxide (KOH) [60, 138].

An example is the interaction between an EGaln droplet and an NaOH solution. At
potentials (relative to counter-electrode in NaOH) less oxidative than a certain threshold
(~ —1.4 V vs. Ag/AgCl measured by [60]), the surface of EGaln is oxide-free. Compared to
the formation of gallium ions Ga®* in strong acids, in strong basic electrolytes, the Ga(OH);

anions, or gallate anions are formed (Figure 1.9). The result is the dissolution of some gal-
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Figure 1.9: Illustration of the dissolution of gallium in a solution of sodium hydroxide
(NaOH).

lium on the droplet surface and the forming of sodium gallates Na [Ga(OH) 4

2Ga -+ 2NaOH + 6H,0 —> 2Na [Ga(OH),] + 3H, (1.4)

At potentials more oxidative than ~ —1.4 V vs. Ag/AgCl [60], an electrolysis of water

takes place:

2H' 4 2¢? — H, (reduction at cathode) (1.5)

2H,0 — 4H' 4+ Oy + 4e~ (oxidation at anode) (1.6)

The hydrogen ions created by the oxidation at anode further react with the gallate ions to

produce gallium hydroxides Ga(OH)s, which, in turn, produces gallium oxides Ga;Os.

[Ga(OH),]” + H* —> Ga(OH) + H,0 (1.7)

2Ga(OH)3 — G3203 + 3H20 (18)
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Figure 1.10: Illustration of gallium oxide skin which effectively acts as a surfactant between
the EGaln and NaOH due to the hydrophilicity of Ga;Os.

The net result is the formation of a thin coating of Ga; O3, or oxide skin, on the surface of
EGaln. This process ! (shown in Figure 1.10) is completely reversible by reductive capillarity
(called recapillarity [60]), with little hysteresis, wherein Ga; O3 can be removed by lowering

the electrode potential [60] to expose the reduced EGaln.

Compared to reduced EGaln, where the Gibbs free energy is high in the interface be-
tween EGaln and NaOH, the EGaln enclosed by oxide skin has effectively two interfaces -
i.e., a Ga-GayOj interface (which consists of Ga atoms [104]) and a Ga;O3-NaOH,, inter-
tace (which is hydrophilic due to the OH™ on the surface of Ga;O3). This hydrophilicity is

illustrated in Figure 1.10.

Overall, the oxide skin acts like a surfactant, which lowers the interfacial tension to
near zero [60], providing an opportunity to electrochemically manipulate the surface ten-
sion with smaller voltages. In contrast to the oxide-free regime, where the surface tension
grows parabolically, with the presence of oxide skin the surface tension drops exponentially

(v o< exp(—E/Ep) [125]). Figure 1.11 shows this remarkable phenomenon, where, as the

!"The reactions are verified by Yun-Sik Ohm.
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Figure 1.11: Comparison of the interfacial tension-potential relationship using electrocap-
illarity only and using electrocapillarity with surface oxidation. Data reproduced from [60].

electrode potential increases, the surface tension of liquid metal drops dramatically by oxi-

dation than by electrocapillarity alone.

As seen in Equations (1.4) and (1.6), a continuous formation of hydrogen gas is in-
evitable. [138] viewed this eruption of gas bubbles as a result of a combination of galvanic

interaction and a band structure of gallium. [60] and [106] also reported this phenomenon.
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1.4 'Thesis Objectives

This work builds upon the principles of surface tension control of liquid metals and seeks
to formulate a paradigm for building soft-matter artificial muscles with a unique combina-

tion of properties and performance.

Specific goals are summarized as follows:

o Demonstration of a Scalable Contractile Structure — To design an elastic hybrid struc-
ture composed of a helical spring and liquid metal that is able to perform mechanical
work by electrochemically controlling the surface tension of liquid metal immersed
in an aqueous solution of sodium hydroxide. The actuators will be experimentally
characterized to examine the relationship between electrical potential and actuator

length.

o Proof of Concept for Isolation in Dry Conditions — To introduce a new form factor
of surface tension based actuation by creating a core-shell liquid-hydrogel hybrid
wherein the interfacial tension is again controllable by electrochemical deposition and

removal of metal oxide. Limitations and issues will be discussed.

A broader perspective is also provided on the role and uniqueness of this artificial muscle
paradigm in the current robotics landscape. This thesis concludes with a recommendation
for future research on the potential of modularizing the liquid-metal-hydrogel hybrids for

repeatable, self-organizing building blocks for robot muscles.
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Chapter 2

Helical Spring-Liquid Metal Actuator

Springs are among the most elegant devices to abstract the contractile function of natural
muscles (e.g., the Hill-type model [47] represents the mechanical response of a muscle as
due to a contractile element plus two spring-like elastic elements. See Figure 2.1). It is
therefore intriguing to mimic this behavior by using the controllability of surface tension as
the contractile element to expand or compress the spring for the purpose of constructing an

artificial muscle.

Another benefit of incorporating liquid metals into a metallic structure is that most liq-
uid metals wet to most metal substrate very well [27]. With appropriate design and material
selection, such a structure can combine the properties of liquid metal (high controllability of

surface tension as reviewed in Section 1.3.2) and helical metal spring (Hookean elasticity).

Finally, as an actuator based on surface oxidation described in Section 1.3, only minimal
miniaturized electronics is needed to operate. This type of actuator also requires only modest
voltages (~ 1 V), which eliminates the need for bulky power supply units like many other

electrically driven artificial muscles.
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CE PE

SE

Figure 2.1: Hill-type model for muscle contraction. The nonlinearlity is abstracted by three
black boxes: a contractile element (CE) and two spring-like elastic elements in series (SE)
and in parallel (PE).

This chapter presents a hybrid structure of artificial muscle (referred to as the spring-
LM actuator) which is composed of a helical copper spring wetted by EGaln!. Like most
other types of artificial muscles, the performance of the spring-LM actuator is benchmarked.
Potential applications and limitations of spring-LM actuators are discussed at the end of this

chapter.

2.1 Design and Fabrication

The spring-LM actuator proposed here is a device made by wetting EGaln (75% gallium
and 25% indium by weight, ~ 15.50C melting point [23]) on to the continuous gap between
each coil of a helical spring (diameter D ~ 8.4 + 0.2 mm) handcrafted from a copper wire

(diameter d ~ 0.321 mm). This design is scalable by altering the number of coils . In the

Tn collaboration with Hesham Zaini.
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following fabrication and testing N = 20. The spring is designed with a hook at the tip for

mounting weights. Figure 2.2 is an idealized illustration of this hybrid structure.

8
=

Figure 2.2: Illustration of the design of the spring-LM actuator. Work by Hesham Zaini.

To enhance wettability, the copper oxide on the surface of the spring is removed by im-
mersing the spring in 31.45% w/v hydrochloric acid (HCI) for a few minutes. The spring is

then rinsed with isopropanol before carefully wetted with EGaln.

The spring-LM actuator has to operate in an electrolyte solution, which is necessary for
the electrocapillary control of the surface tension. In the following testing a 3% w/v NaOH

solution was used. An image of the spring-LM actuator is shown in Figure 2.3.
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Figure 2.3: Image of the fabrication result and the experimental setup of the spring-LM
actuator.

2.2 Experimental Setup

To characterize the relationship between electric potentials and deformation of the spring-
LM actuators, experiments were set up as shown in Figure 22. All potential inputs by the
waveform generator (3320A, Agilent’s Electronic Measurement Inc.) were with reference to
the NaOH solution and buffered by a customized circuit. An oscilloscope (DS1054Z, Rigol

Inc.) was used to track the phase of the waveform.

Loads were applied by attaching small washers (~ 0.226 g) to the lower tip of the spring-

LM actuator. In all the loading tests, five different loads were given with zero to four washers.

To measure the axial deformation of the spring-LM actuator, a camera (Pentax K-5
DSLR, Ricoh Inc.) was used to record videos. The lens of the camera was aligned at the
center of the actuator to minimize distortion. It should be noted that, although the actuator
is submerged in a solution inside a circular-walled beaker and hence the image is distorted
by refraction, the difference is ignored. Also, the resolution of this measurement is limited

by the camera.

For each loading test, videos were recorded for the actuator lengths in response to two
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sets of input waveforms: a triangle wave (period=120 s, symmetric, peaked at -0.5 and
+1.0 V) which slowly ramps the potential up and down for quasi-static response and a low-

frequency square wave (peaked at -0.5 and +1.0 V) for step response.

2.3 Results and Discussion

Figure 2.4 shows the images of full contraction and expansion of a spring-LM actuator
in response to -0.5 V and 1.0 V, respectively. The image analysis is done by tracking the
lower tip of the helix. As expected, the spring-LM actuator elongates when the interfacial
tension increases due to the deposition of gallium oxide. When this reaction is reversed, the

reduction of gallium caused the interfacial tension to increase again, thereby shortens the

actuator.
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Figure 2.4: Images of (A) full contraction and (B) full expansion of a spring-LM actuator.
The full contraction corresponds to -0.5 V and the full expansion corresponds to 1.0 V rela-
tive to NaOH solution. The image analysis is done by tracking the lower tip (red line) of the
helix. Scale bar represents 10 mm.
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2.3.1 Quasi-static Response

To determine the relationship between potential and actuator length, Figure 2.5 shows
a plot of data analyzed from the video of testing with zero washers (i.e., no load). When
increasing the voltage, a transition happens near 0.8 V which lengthens the actuator by ~1.3
mm. When decreasing the voltage, by contrast, the deformation occurs in two phases, in-
cluding a modest gradual decrease in length (from 1 V to -0.35 V) followed by a sudden

contraction near -0.35V.

Period=120s
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Potential relative to NaOHaq) (V)

Figure 2.5: Plot of actuator length vs. potential of the electrode relative to NaOH solution
with a triangle wave (period: 120 s). The actuator was loaded with zero washers. Data
reproduced from the image analysis by Hesham Zaini.
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As shown in Figure 2.6 (A), the hysteresis shown in Figure 2.5 is consistent regardless
of the number of washers. Also, when varying the load from zero washers (/' = 0) to four

washers (F' = 7.67 mN), the length change remains almost the same (~ 1.5 mm). It is also
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Figure 2.6: Quasi-static analysis of a spring-LM actuator. (A) Plot of actuator length vs.
voltage for loads varying from zero washers (£' = 0) to four washers (/' = 7.67 mN). (B-D)
Work vs. load, length vs. voltage, work vs. voltage taken over the range from 0 to 1.5 V. Data
reproduced from the image analysis by Hesham Zaini.
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observed that the actuator work output (Figure 2.6 (B)) calculated from the data over the
range from 0 to 1.5 V (Figure 2.6 (C)) grows somewhat linearly with the applied load. This
is an indication that over this range of gradual decrease in actuator length, the contraction
of the actuator does not depend on the applied load but depend on surface reduction and
hence restoration of interfacial tension. This is validated by Figure 2.6 (D) where the work

output changes linearly with the applied load for any given voltage between 0 and 1.5 V.

2.3.2  Dynamic Response

To characterize the step response of the spring-LM actuator, a low-frequency square
wave (peaked at -0.5 and +1.0 V) is applied. The result is shown in Figure 2.7 where the
expansion corresponds to a step-up from -0.5 to 1 V and the contraction corresponds to a
step-down from 1 to -0.5 V. Once again, the load seems not affecting the behavior of the
actuator length. It is observed that expansion occurs smoothly in a similar way to the in-
creasing voltage part of the quasi-static result (Figures 2.5 and 2.5(A)) over the range from
0.8 to 1 V. On the other hand, contraction occurs more rapidly and involves high frequency
oscillations that quickly decay with time, as shown in Figure 2.7 (B). It is unclear how fac-
tors such as reaction rate and viscosity contribute to this dynamics and the sharp difference

between the behaviors of expansion and contraction.
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Figure 2.7: Step response of a spring-LM actuator showing (A) step-up from -0.5 to 1 V and
(B) step-down from 1 V to -0.5 V. ¢, represents the settling time for the actuator tip to enter
within 5% of its steady-state position. Data reproduced from the image analysis by Hesham
Zaini.
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2.3.3 Performance of Spring-Liquid Metal Actuators

From the experiment result, the spring-LM actuators are estimated to have a strain out-
put ~ 18%, a stress output ~ 20.265 kPa, a work density ~ 286.3kJ/m® and a strain rate
~ 81%/s. Figures 2.8 and 2.9 show a comparison of spring-LM actuators to natural mus-
cles and selected artificial muscles. It can be seen that the spring-LM actuators have a strain

output similar to that of natural muscle and a very high work density.
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Figure 2.8: Comparison of spring-LM actuators to other actuators in terms of stress output
vs. strain output. Values are approximated (Source are the same as Figure 1.5). Stress output
is approximated using the cross-sectional area of EGaln bridges, not the spring.
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Figure 2.9: Comparison of spring-LM actuators to other actuators in terms of work density
vs. strain rate. Values are approximated (Source are the same as Figure 1.6).
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2.4 Concluding Remarks

The spring-LM actuators are an elegant realization of muscle-like actuation by elasto-
capillarity. Perhaps the most interesting remark is their striking resemblance to some of the
features of natural muscles. First, they both take chemical energy, primarily by oxidation, to
drive the actuation. Second, they are both wet actuators, meaning that they only operate in
an aqueous bath of ions. In the case of spring-LM actuators it is the bulk electrolyte solution
while for myofibrils it is the sarcoplasm, the cytoplasm of a muscle cell which consists of
mostly (75%-80% [76, 110]) water. Also, the combination of passive spring structure and
shape-reconfigurable EGaln distinctively captures the nonlinearity as modeled by Archibald

Hill [47].

In theory, surface tension is one of the few physical phenomena which dominates small-
scale regimes of actuators because of the scaling law. The helical structure of spring-LM
actuator nevertheless can take this advantage into any larger scales by simply making a spring

with as many turns as possible at the cost of L rather than L2.

Their dependence on aqueous environment, however, largely limits their usage unless
introducing a new form factor such as gel encapsulation, in which case many other issues

can be addressed such as influence of buoyance and dynamics of fluids.

Another downside at present is the eruption of hydrogen gas bubbles from inside the
NaOH electrolyte due to an electrolysis of water by galvanic interactions [138]. This is remi-
niscent of the typical issue of gas build-up in deeply or rapidly charged/discharged lead-acid
batteries, for which a number of enhancements have been achieved such as vent valve for

gas blow-out and mixing of silica gels to suppress gas formation [99].
There is also plenty of room for improvement of the theoretical model for capillary
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bridges between two rod-like solid bodies or even the helical structure itself. Such an im-
provement will allow for a more accurate model to aid the actuator design in the future. As
for the basic understanding of the nonlinearities and time-dependent behaviors as displayed
by the spring-LM actuator, more advanced models will need more attention on the dynam-
ics to account for the influence of viscosity and the rheological properties of non-Newtonian

regime of gallium oxides.
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Chapter 3

Hydrogel-Liquid Metal Hybrids

Muscle cells, or myocytes, contain a hydrogel-like cytoplasm (called sarcoplasm) where
the contraction and self-regulation of all the myofibrils take place in an fluidic environment
tull of ions. While there has been numerous contending theories of the physical properties of
cytoplasm as a whole, many studies identify the cytosol, an intracellular fluid as responsible
for a number of cellular activities including signaling [61] and metabolite transportation
[123]. It is believed that the cytoplasm consists of a polymer matrix formed by a cross-
linked cytoskeletal network of long chained molecules (e.g., proteins and polysaccharides,
etc.) which altogether displays hydrogel-like features [102, 31]. The solvent contained in the
polymer network inside a cell is well-regulated by the cell membrane (or a sarcolemma in a

myocyte) which separates the fluidic environment from the extracellular space.

From this perspective of cellular biology, an interesting but not yet well-studied approach
to synthesize an artificial muscle unit is to create a self-contained artificial cell which consists
of a membrane-encapsulated liquid that can generate force electrochemically. Clearly, the

remarkable controllability of surface tension of liquid metals by electrocapillarity and surface
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oxidation is a potential candidate. As discussed in Section 2.5, however, this phenomenon
relies on an aqueous electrolyte solution and is not readily usable to build artificial muscles
for most dry conditions. To bridge this gap, a hypothetical hydrogel electrolyte which is
able to structurally support itself, to carry ions to oxide and reduce the gallium surface, and
to elastically resist loads with high stretchability and toughness, will enable a new class of

artificial muscles that resemble their biological counterparts.

The use of hydrogels in actuators is not something new. As reviewed in Section 1.2.2,
current gel-based actuators are mostly osmotically driven by asymmetric swelling of ions
(48,98, 134, 62]. They are largely limited by slow response time (e.g., minutes to hours [134])
and hence impractical in many robotic applications. Recent advances in the enhancement
of mechanical properties, theoretical modeling, and multifunctionalities of hydrogels [115,
135, 49, 73, 13, 139, 14, 82, 134, 75, 50] have shown great promises, many of which are

applicable to new schemes of hydrogel-based actuation.

This chapter presents the hydrogel-liquid metal (hydrogel-LM) actuator, a new form fac-
tor for surface tension based actuators that combines the properties of liquid metal (elasto-
capillarity) and hydrogels (low elastic modulus and ability to carry ions). Early demonstra-
tion shows evidence that such a form factor is possible to fabricate and promising in future

development. Issues and possible solutions are discussed at the end of this chapter.
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3.1 Hypothesis

A hypothesis is proposed and examined in this chapter as to the feasibility of the follow-

ing goals, which are the basis for the proposed hydrogel-LM actuator to function.

o A hybrid of EGaln and hydrogel (i.e., a caviar-like structure as illustrated in Figure
3.1) can be fabricated in such a way to support its own weight and structure, to isolate

the liquid EGaln from the exterior dry environment, and to prevent leakage.

o Surface oxidation and reduction, as well as electrocapillarity, can take place at the
interface between EGaln and hydrogel electrolyte by ionic diffusion within the gel

matrix and result in changes in interfacial tension as in aqueous solution.

It should be noted that the scope of this chapter is limited to the feasibility of the pro-
posed actuation scheme in principle. A practical selection of materials and fabrication steps
are presented. Characterization for such an actuator at a specific scale (e.g., ~ um), in addi-

tion to the demonstration for robotic applications, is part of an ongoing work.

PAAmM-KOH gel

/

G3203

Figure 3.1: Concept of the proposed caviar-like hydrogel-LM structure.
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3.2 Design and Fabrication

The design of an hydrogel-LM actuator consists of a small millimeter-scale EGaln droplet
and a hydrogel membrane around the liquid EGaln to provide structural support, ion trans-
port, and prevention of leakage. Figure 3.1 shows the concept of the actuation principle.
When the interface between EGaln and hydrogel is free of gallium oxide, the high interfa-
cial energy causes the EGaln droplet to try to beads up to minimize the interface area. By
electrochemically depositing a gallium oxide skin in between the EGaln and the hydrogel
membrane, the interfacial tension drops significantly and, by the hypothesis, deforms the
entire structure. When placed on a flat surface like a Petri dish, a lower surface causes the
hydrogel-LM hybrid to flatten due to gravity. Similarly, the hybrid elongates in response
to a decrease in surface tension when it is hung vertically. The resultant mechanical work
should depend on the size scale of EGaln droplet, thickness of the hydrogel membrane, gel
properties (e.g., modulus, residual stress, pH) and the interfacial bonding of liquid metal

and hydrogel surfaces.

3.2.1 Gel Preparation

Polyacrylamide (PAAm) hydrogel that contains potassium hydroxide (KOH) was used
as the ionic hydrogel for the following reasons. First, PAAm gels are more easily deformable
(Young’s modulus ~ 2.307 kPa with 90% water concentration [1]) and less brittle (facture
energy ~ 10-50 J/m? [96, 10]) than many other hydrogels. Second, It has been shown that
PAAm gels can be synthesized with double-crosslinked alginate gels to achieve very high
fracture energy (~9000 J/ m?) and high strain (~17) [115] and, therefore, the proposed design

here can potentially be made with PAAm-alginate gels in the future for tougher artificial
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muscles. Finally, KOH was selected because of its high solubility in water (1,210 g/L at 25°C

[45], compared to NaOH’s 1,110 g/L) and hence higher ionic conductivity per unit volume.

The ionic hydrogel was synthesized by first dissolving powders of acrylamide monomers
(AAM, Sigma-Aldrich, A8887) into deionized water by 40 wt%. The AAm solution was
then mixed into a 50 wt% KOH solution (Factory Direct Chemicals, Inc., 0.88 of the weight
of AAm solution) and then diluted by adding more deionized water (2.5984 the weight
of AAm solution). N,N-methylenebisacrylamide (MBAA, Sigma-Aldrich, M7279, 0.002
the weight of AAm solution) was added as the crosslinker and ammonium persulfate (AP,
Sigma-Aldrich, A8887, 0.006 the weight of AAm solution) was added as a photoinitia-
tor to provide free radicals under ultraviolet light (UV). Right before curing, N,N,N’,N’-
tetramethylethylenediamine (TEMED, Sigma-Aldrich, T7024, 0.0048 the weight of AAm
solution) was added to the pre-gel solution as a crosslinking accelerator. A UV nail lamp

(MelodySusie, 54W, 365 nm) was used to cure the hydrogels.
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3.2.2 EGaln Deposition

The EGaln, depending on fabrication techniques, can be deposited before or after the
hydrogel is cured. The following demonstration is done by using a pipette to place a EGaln
droplet on the surface of a sample of cured PAAm-KOH hydrogel. Due to the high density of
EGaln (6.095 g/mL [130]) and self-healing property of hydrogels, the EGaln droplet quickly

sinks to the bottom and becomes surrounded by the hydrogel.

‘“ T -

-’

Figure 3.2: An EGaln droplet being deposited into a sample of cured PAAm-KOH hydrogel.

3.3 Result and Discussion

Simplistic tests similar to that described in Section 2.2 were carried out for successful
sample of hydrogel-LM hybrids. The electrode for the EGaln was done by piercing the hy-
drogel wall with a copper wire that eventually went in contact with EGaln. Another copper
wire was adhered to the exterior of the hydrogel as a counter electrode. A square wave (1

Hz, +2 V) was applied. This setup is shown in Figure 3.3.
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Figure 3.3: Demonstration of EGaln heartbeats inside the PAAm-KOH hydrogel. Hydrogen
gas bubbles can be seen at the electrodes.
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As a result, the EGaln droplet shows visible heartbeat-like motion inside the PAAm-
KOH hydrogel in response to the 1 Hz square wave. Despite being surrounded by gels, the
shape of the EGaln droplet flattens due to gravity when the interfacial tension decreases with
the presence of gallium oxide. When the gallium is reduced, the EGaln droplet restores its
original shape by beading up in an attempt to minimize the interfacial area. This indicates
that it is possible to for electrocapillarity and surface oxidation/reduction to take place at the
interface between liquid metal and hydrogel electrolyte by ionic diffusion. It is also observed
that hydrogen gas bubbles are formed at the electrodes, which is another indication that
supports the hypothesis that a redox reaction is happening in the hydrogel. All these are
supporting evidence that hydrogels are a promising medium for the shape reconfiguration

of liquid metal.

3.4 Concluding Remarks

The practicality of the hydrogel-LM actuator is highly dependent on the size scale by the
scaling law. Intuitively, the effect of surface tension that allows EGaln droplet to deforms
the gel membrane is more dominant at millimeter or even micrometer scales (compared to
the length of a sarcomere ~ 2 um [101, 21]). The proof of concept, however, is hindered
by the lack of a scalable fabrication scheme to synthesize a hydrogel-LM hybrid in which
the small-scale LM droplet bonds to the surrounding hydrogels membrane, which is thick
and tough enough to prevent rupture and thin enough to allow stretchability. A theoretical
formulation of hydrogel-LM interaction is also needed to aid the parameter selection in

order to maximize the output strain and work density.

Like the spring-LM actuator, gas formation remains a significant issue. Apart from
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searching for new chemical reactions to lower the surface tension, an interesting direction
for future research is to mimic the vesicle transport and selective filtering mechanisms in
cells [9]. Unlike the spring-LM actuator, whose copper wire itself serves as the electrode
for voltage input, the hydrogel-LM actuator needs to be integrated with other electronics,
preferably using stretchable conducting materials. This will have an effect on the design and

modeling. Biological insights from neuromuscular junctions can be beneficial.

The key role in the interaction between EGaln and hydrogel is how well the gel matrix
bonds to liquid metals surface at a molecular level. Since the bond transmits the deformation
of EGaln to that of gel and vice versa, it contributes to the overall actuator response. A

theoretical formulation will provide more insights to the physics of hydrogel-LM actuator.

For robotic applications, like all other types of artificial muscles, the hydrogel-LM actu-
ator will require a means of integration into a robot. Natural muscles answer this question
by growing around the muscle an outer envelope, or epimysium, which anchors the muscle
to a tendon that, in turn, connect to a bone. An artificial equivalent to these connective tis-
sue will be one of the steps that are essential to scale up from artificial muscles to tissue, to

muscular system, and finally, to a like-like robot.
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Chapter 4

Conclusion and Future Research

It is demonstrated in this work that surface tension is a highly promising and practi-
cal principle for building artificial muscles. Liquid metals, in particular, are identified as a
soft matter that shows remarkable controllability of surface tension by electrocapillarity and
surface oxidation. Hybrids that combine liquid metals with other soft matters such as gels

further display resemblance to muscles in Nature.

The objectives proposed in Section 1.4 are achieved by presenting two different form
factors of surface tension based artificial muscles. A scalable contractile hybrid structure
(i.e., the spring-LM actuator) that is capable of lifting loads by electrochemically control-
ling the surface tension of liquid metals is demonstrated in Chapter 2. The same principles
further evolve into another form factor (i.e., the hydrogel-LM actuator), which combines
the elasto-capillarity of liquid metals and stretchability, toughness and ionic conductivity of
hydrogels, is presented in Chapter 3. It is shown that this caviar-like hybrid, despite some
limitations, is feasible to fabricate and capable of generate force and motion in response to

an electrical impulse. Both actuators are an elegant device that abstracts some aspects of
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natural muscles.

Recent advances in artificial muscles have transformed the robotics landscape. Nev-
ertheless, they are mostly developed, to varying degrees, from a high-level and top-down
approach in which the complexity of biological muscular system is often unnecessarily ab-
stracted. Typical examples are McKibben pneumatic actuators and dielectric elastomers; the
former are essentially balloons and the latter rubber stacks, both of which cannot capture
most aspects of the muscle hierarchy (Figure 1.3). It is argued here that the quest for more
muscle-like actuators should better be approached bottom-up, where basic motor units, or
cells, can be hierarchically assembled into tissue, organ, system and ultimately a being. This
is analogous to the renaissance of artificial intelligence in the last decade where a powerful
neural network is built upon simple neurons that abstract! a lowest level of biological neural

system.

As stated in Section 3.4, surface tension based actuation is theoretically much more pow-
erful at very small (~ pm) scale. This is comparable to a sarcomere, a basic contractile unit
in natural muscles which has a length ~ 2um and a typical force output ~ 2 pF [101, 21]. In
this regard, building artificial muscles from basic pm-scale units has the potential to achieve
the overall resemblance to biological muscles at higher levels. The paradigm presented in

this work is shown to be a promising way to construct such a unit.

In addition to conventional benchmarks for artificial muscles by comparison to mus-
cles in Nature, it is noteworthy that many qualitative characteristics of biological muscles,
which have not yet received much attention in artificial muscles community, are also sig-

nificant for an animal to function. As mentioned in Section 1.1, the ability to store energy

"What is life? John von Neumann answered this question by "Life is a process which can be abstracted away
from any particular medium.
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and power themselves and the self-healing, growth and long-term adaptability, are among
the most interesting aspects of biological muscles that are not widely mimicked in robotic
systems. Recent advances in soft materials such as hydrogel-based power source [107] and
self-healing composite of liquid metal and elastomer [85] suggest an interesting direction

for future research on soft-matter artificial muscles.
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