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Abstract: In this overview of recent developments in the field of biorobotics we cover the devel-
opments in materials such as the use of polyester fabric being used as artificial skin and the start
of whole new ways to actuate artificial muscles as a whole. In this, we discuss all of the relevant
innovations from the fields of nano and microtechnology, as well as in the field of soft robotics to
summarize what has been over the last 4 years and what could be improved for artificial muscles in
the future. The goal of this paper will be to gain a better understanding of where the current field of
biorobotics is at and what its current trends in manufacturing and its techniques are within the last
several years.
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1. Introduction

In this up-to-date overview, we will give a general summary of up-and-coming devel-
opments within the field of biorobotics, that lend themselves to innovating the manufactur-
ing and research for artificial muscles. Biorobotics is an interdisciplinary form of science
that combines the fields of biomedical cybernetics, macro, micro, and nanotechnological
materials, and techniques to replicate human biological movement. Soft robotics is the
specific science within biorobotics that utilizes soft materials and techniques to achieve
its goals, these are generally much more lightweight and usually more elastic. Artificial
muscles are comprised of actuators and other components that try to replicate the use of
a natural muscle to try and mimic an organic muscle’s movement. Such as replicating
its expansion, contraction, and rotation, and when used in tandem with one another can
allow for other forms of movement from the device such as bending [1–3]. The recent
work on artificial muscle components shows that these artificial muscles can range from
the actuators that drive the muscles themselves being reiterated, to the carbon nanotubes
(CNTs) and wires becoming easier to manufacture, allowing for more contributions within
the field of artificial muscles. In recent years, artificial muscles have been compared to
soft actuators but have many differences from conventional rigid actuators like pneumatic
pistons and electric motors [3]. These comparisons to soft actuators are substantiated due
to artificial muscles’ capability of generating actuation within a small device in response
to external stimuli [3,4]. These external stimuli can take the form of electrical signals,
magnetic fields, thermal energy, as well as pressure-based stimuli [3]. Artificial muscles
have been attributed features such as the possibility of small-scale components such as
the aforementioned CNTS and wires, and also having low stiffness to allow for greater
flexibility [1,3,4]. Due to these features the soft robotics components and manufacturing
naturally lend themselves well to the construction of artificial muscles, they also both
generally require soft actuators and sensors [5,6]. In recent years though, we have had
different takes on the individual actuators within artificial muscles such as ones based on
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pneumatic, ionic polymeric, dielectric elastomer (DE), micro piezoelectric, magnetic, shape
memory alloys (SMAs), and shape memory polymers (SMPS) [3,7,8].

The goal of this overview of recent discoveries within the field of artificial muscles is
to discuss and compare the previously used material and techniques in the manufacturing
and design of the components within different forms of artificial muscles. In this overview,
there will be an analysis and comparison of the preexisting manufacturing materials and
techniques that will be compared to the most prevalent innovations in the field of artificial
muscles by set criteria laid out systematically. The criteria used to identify what literature
would be added and discussed within this paper was done so with two things in mind,
the first was whether it was published within the last 4 years, and what its relevance to
the main means of actuating, manufacturing, or design of artificial muscles was. More
specific and emerging techniques for manufacturing, actuation, and design, while still
discussed in this paper, were added to better explain the emerging innovations to the
most well-known means of actuating artificial muscles. However, as a whole, this paper is
more of an introductory look over the most popular means of actuation within the field of
artificial muscle development, with a few examples of more nuanced and specific attempts
at pushing this industry further.

2. Criteria to Compare

From the information researched, the reported criteria will be compared from previous
iterations of components whether this is the thermal resistivity to the modulus of elasticity
of the material and its manufacturing processes. Parameters that will be compared will
not be limited to the output strain, output stress, output work, power density, catch state,
actuation directionality, cycle life, efficiency, and finally bandwidth. The output strain (ε)
is the length of excitation when normalized to the initial length. The output stress (σ) is
then created force upon the excitation of the normalized initial cross-sectional area of the
muscle at rest (σE) or when in its excited state (σT). Output work (W) is created when
the muscle on actuation is normalized to the mass or volume of the artificial muscle. The
power density (P) is the energy density normalized to the period of actuation. The catch
state (or lock-up state) is when the actuator holds its actuation state without consuming
energy. Actuation directionality is unidirectional and is the ability to continuously contract
or expand in length, whereas bidirectionality is the ability to actively contract and expand
such as Lorentz force actuators. Cycle life measures the number of cycles that an artificial
muscle can actuate properly before failing. The efficiency (η) is the ratio of outwork work
divided by the input energy, which can be things like the formation of electricity, thermal
energy, or radiation accumulation. Finally, bandwidth is the range of frequencies that the
actuator can actuate continuously. The comparisons of not only the materials but also the
designs will be done to compare what benefits have been made to the components and
designs of components within artificial muscles [9].

3. Innovation of Components

Within the 30 years of the artificial muscle industry booming, there has been an
accumulation of many forms of actuation within artificial muscles, these are not limited to
pneumatic, ionic polymeric, dielectric elastomer (DE), micro piezoelectric, magnetic, shape
memory alloys (SMAs), and shape memory polymers (SMPS) [7,10]. The form of artificial
muscles that use the means of pneumatic actuation uses many applications in the field
of soft robotics, the materials for which are made of many different forms of elastomers
such as polydimethylsiloxane (PDMS). PDMS is used in many forms of prototypes from
academic to commercial use, due to its ease to mold as well as seal, and it has a shelf life
of 3 years. However, in manufacturing for commercial use, there is a mixture of multiple
structures that incorporate a number of separate elastomers with different mechanical
properties that, while still flexible, are inextensible similar to paper or glass fiber as they
would rip or break. These forms of materials have been increasingly used not only in the
field of artificial muscles but used more generally within the entirety of soft robotics [10].
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3.1. Paper-Thin Materials and Techniques for Them

The major components within the soft systems of soft robotics are soft materials, things
such as the aforementioned elastomers, and paper-thin materials, there are also fabrics,
granules, foams, gels, liquids, and liquid crystals [10]. Paper-thin materials are considered
any solid material that is between 0.05 and 0.10 mm (50,000 nm to 100,000 nm), this makes
it comparable to the thickness of normal everyday paper. With the materials of flexible
sheets and fabrics, it is important to note that for the future of soft robotics design in
general that manufacturers will have stronger and more durable products if they have
a better understanding of techniques such as origami and kirigami to allow for greater
structural rigidity. The importance of structural rigidity will play an integral part in the
future designs of artificial muscles, as it will allow for stronger and lighter exoskeletons and
more importantly endoskeletons for protecting the internal components of actuation [10,11].
Even now there are advancements that allow for re-foldable square-twist artificial muscles,
which were inspired by re-foldable square-twist origami. These can be demonstrated by
using a pneumatic means of actuation by creating a vacuum on two chambers within a
series sequence. When doing this it will allow for different twisting movements from
the square-twisted artificial muscle and can allow for complex levels of motion such as
twisting, bending, and contraction; the flexibility and fluidity allow for a greater mimicry
of biological motion. They are able to emulate the movement of a hand grasping, bicep
stretching and retracting, and bidirectional twisting of a wrist, neck, and ankle [12]. To
better illustrate the range of movement, see Figure 1 below.
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Figure 1. The counterclockwise ACW and clockwise CW square twist are actuated by a vacuum. The
section is an overhead view of what direction the vacuum is actuating on the example piece, whereas
the orange section is an isometric view of what happened on the example piece as a result of the
vacuum’s actuation (Reprinted with permission from Jiao et al. [12]. Copyright 2021, CC BY NC ND
4.0 International).

This same origami-inspired, collapsing deformation design was used in a study that
demonstrated its use as a modular building block from which multiple classes of soft
robotics can be assembled. Using a twisting-collapsing design and a twisting-bending
design, Jiao’s team was able to assemble a quadruped robot, a soft gripper, a pipe-climbing
robot, and a flexible robot wrist. All of these devices were created with different configura-
tions of the same two collapsing origami designs, using different methods of attachment
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and arrangements to achieve each of the fully capable designs [13]. The purpose of this
modularity is for soft robots being used in real-world situations to be able to easily adapt
to various tasks that a robot may be needed for [8,13–15]. Other attempts utilizing origami
and kirigami techniques went an external thermal stimuli route of actuating their assembly,
they used a fiber that when actuated in its heat channels would create reversible movement
of that emulating human fingers. The fiber used would expand and contract reversibly
when exposed to thermal stimuli and the transmitted movement from these guiding fibers
would act like tendons within a hand to guide their hand assembly [11].

These materials go hand in hand with previously discussed manufacturing techniques
such as PDMS elastomers which are structural materials that make the fabrication of
prototyping for more than just structural integrity but other useful enduring attributes as
well. These include things such as being transparent, PDMS is easy to sterilize, as well
biocompatibility with many components. Other important techniques that have not been
previously discussed are the use of soft lithography and microfluidics, which allow for
greater stability and freedom for creating pneumatic and hydraulic channels within the
field of microtechnology, and soft robotics. There are also soft material composites that
generate and allow for control anisotropically during the actuation of soft robotics [10].

3.2. Liquid Crystal Polymers and Elastomers

The other mentioned forms of elastomers are liquid and liquid crystal materials,
these are used to create materials like liquid crystal polymers (LCPs), and liquid crystal
elastomers (LCEs). LCPs are a material choice for artificial muscle assemblies as they
exhibit macroscopic shape change as a result of liquid crystal-isotropic and order-disorder
phase transition of mesogens. The phase transitions of these mesogens are a part of the
polymer structure within either main or side groups, actuators that utilize LCP are applied
in the form of cross-linked networks, which can be triggered by various stimuli such as
thermally, change in humidity, can be actuated by light, and can be electrically actuated
as well [16]. The LCEs instead allow for reversible shape changing when cycled above
and below their nematic-to-isotropic transition temperature (TNI). This actuated shape can
be locked in from high-temperature UV exposure, and by synthesizing LCE-based inks
in tandem with light-triggerable dynamic bonds, the printing of which can be controlled
locally to program their directing alignment and UV light intensity [17,18]. This control
of UV light and alignment will enable control over network configurations without an
imposed mechanical field stimulus [17]. There have been recent efforts to apply infrared dye
on one side of a cross-linked monodomain, the other object is a cross-linked polydomain,
along the thicknesses would have these behave like a photo actuator without the need for
support. This would be accomplished by having a flat strip with two ends affixed to the
substrate surface, which forms a moving bump under laser scanning, this would allow
for a light-powered converter to transport objects. Curing off the bump and putting it
under the laser scanner will show that it created a soft, flexible, millimeter-scale crawler
that can only move straight back and forward and can allow for climbing along an inclined
surface. However, this can also undergo light-guided turning left or right when combined
with out-of-plane and in-plane actuation [19]. Other LCEs recently are looking at using
electricity for their external stimuli, things such as traditional tubular actuators can help
exhibit their capability for multidirectional bending [20].

3.3. Artificial Skin and Fabrics

When talking about artificial muscles something that may go overlooked is the ar-
tificial skin used to help add even more durability to the assembly itself. Now there are
tubular biomimetic skins that are intended for use on biorobotics. Their compliant skin is
constructed from iron rings and water-resistant, polyester fabric. The final product is a flex-
ible skin tube that can bend up to 90◦ in any direction. The structural integrity of the skin
comes from the iron rings of descending radii. These rigid iron rings have partial overlap,
completely protecting whatever robotic device could be inside. Even during bending and
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movement, the rings never allow any significant gaps. With the hard, protective properties
of the iron rings, the water, and debris-tight nature of the polyester wrap, and the unbound
structure of the rings, this skin can provide incredible protection for a biorobotic device
while still allowing functional deformation [21].

Another branch of artificial muscles that has been developing in recent years is the use
of robotic fabrics, these allow for reconfigurable tools that can change passive structures
into active robotics from surface-induced deformations. Due to this flexibility of actuation
and reconfiguration capability, there has not been a proper time to create empirical models
for every single possible configuration, as well as materials that could be used within
these robotic fabrics. Robotic fabrics in greater detail allow for sensing and actuating
elements within a fabric substrate, these can be wrapped around soft passive bodies
such as elastomers, foams, and tensegrity structures. From these soft passive bodies, the
fabric substrate surrounds allow for the robotic fabric to impart motion onto the bodies it
encompasses. Many of the later topics within this paper refer to both sensors and actuation
for artificial muscles, and yet there have been those who have created fabrics to do it in one
small package [22,23]. When searching for different means of actuation from these robotic
fabrics, you can reorient the fabric on different surfaces and bodies that have different
properties, which will allow for a different range of motions [11]. Previous attempts for
this were sleeves that had sensing capabilities, others were things such as variable stiffness
actuating fibers, which is similar to the goal of fibers and rigid materials for helping with
actuating artificial muscles [22–24]. Recently, there have been past attempts for this sensing
and actuating robotic fabric, but past attempts would not suffice as they were unable to
quantitatively estimate the system state [22,23]. The current iteration of this robotic fabric
present is one that has conductive composite-based capacitive sensors with pneumatic
McKibben actuators [9]. As previously mentioned in this section, the robotic fabric is
surrounding a passive cylindrical body that will create continuum joints, they also allow
for the estimation of the current state and stiffness of the cylinder body while the fabric
is actuating. The significance of the robotic fabric being able to sense and transmit that
data is important as finding out which form of soft passive body to house the robotic
fabric requires countless amounts of trial and error. This is due to this technology being
so new and a lack of information on how it will react to many soft bodies, so the ability
to know as soon as you put it on the housing body saves much more time and effort in
between trials. They propose that this can one day allow for system models that benefit
from feedforward soft-bodied controlled approaches as well. Their robotic fabric system
consists of the robotic fabric with parallel actuators and sensors which are wrapped around
a deformable cylindrical body, when the actuator contracts it causes the cylindrical body to
curve and deform [22]. An example of their work in action can be seen in Figure 2.
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Figure 2. (a) is an example of the sensor placement along the soft cylindrical body, these sensors are
placed at even intervals to align with the x and y axes. The locations of the sensors would be on the
opposite side of other sensors in this example, which would have them all around the cylinder. (b) is
a schematic of a constant curvature beam on the cylindrical body itself (Reprinted with permission
from Liu, M. et al. [25]. Copyright 2021, CC BY 4.0 International).
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More prominently, fibers are twisted to the point that their polymer chain morphology
is altered to set the fiber in a permanent spiral. From this state, they can be actuated to
cause a variety of movements including, but not limited to, expansion, contraction, rotation,
and bending. Using this as the basic foundation, many new innovations and developments
have ensued. On the materials and components side, fibers being used include nylon, PVA,
PE, carbon nanotube yarns, graphene, NiTi, graphene oxide, and silk. On the actuating side,
researchers have had success with thermal, electro-chemical, electro-chemical with solvent,
solvent-based, and photo-responsive actuation methods [26]. One type of twisted fiber
that has found much interest within the field of biorobotics is carbon nanotubes (CNTs)
which are used within hybrid yarn artificial muscles (HYAMs) [27,28]. These involve the
twisting and coiling of a CNT yarn made with filler non-CNT fibers inserted into it, the
end state is described as being “guest-filled” [28]. Then, the method of actuation can be
changed depending on what the guest material is, and as a result, this is believed to reduce
the amount of input voltage for things like dielectric elastomer’s high-voltage actuation
requirements [27,28]. One team sought to find a new method of yarn creation that could
yield competitive results without using CNT at all, as CNT is expensive. Instead of a
guest-host structure, the central yarn is encased in a polymer, similar to how electrical wires
have their insulation. The dimensional and modulus changes of this coating, or “sheath” as
they call it, are what cause actuation. They named this model sheath-run artificial muscles
(SRAM) [28].

Other recent applications of CNTs have been taking steps forward in eliminating
humans from workspaces that have microwave radiation waves (MRW), which are elec-
tromagnetic radiofrequency waves. These MRW affect humans’ long-term health with
issues such as central nervous system issues, sleep disorders, as well as learning capabil-
ity, and can impair memory. Replacing people with controlled or automated robotics in
these MRW avoids these inherent complications for these professionals and helps to save
money and lives. There are issues overcoming these MRW environments, things such as
traditional motors and linear metal actuators do not work effectively within them, this is
because the metal materials have a highly reflective property with microwaves which can
cause serious fire hazards. The field of biorobotics applies well to this issue as there are
many alternative materials for actuating these motors without the use of purely metallic
properties, and instead have a myriad of polymer-based soft actuators to choose from.
The MWR and artificial muscle framework blend together well as the MWR has powered
passive heating which the artificial muscle actuators can take advantage of as their external
stimuli to actuate their assemblies. This detail will allow for a large amount of freedom for
the types of applications artificial muscles can have in MWR-affected areas, from things
like pre-programmed to autonomous repetitious applications. There are also inherent
advantages when using artificial muscles in combination with MWR-affected areas, things
such as better energy efficiency, longer penetration depths from heat into materials, and
can also lower power costs overall. The way to specifically actuate an artificial muscle
with an MWR external stimuli is that the heat produced from the MWR can be triggered
with unshielded zones within the affected area. This can be concentrated and controlled
with a waveguide which is powered by a solid-state microwave source, the issue with this
is that many conventional polymers cannot properly shield this MWR effectively. This
is where the CNT comes into play, these are exceptional at MWR absorption, so many
of the polymers attempting this use a mixture of CNTs within their specific polymer’s
composites, the reason is that their MWR reflection is a much smaller proportion to many
other materials [29].

3.4. Rigid Materials and Techniques for Variability

An important type of component within artificial muscles is the rigid materials that
can help support the linear displacement of most actuators, these, while accurate and stable,
also allow for rigid members to be connected with joints [30]. In recent years research
has shown that soft and deformable support structures outperform these rigid joint-based
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assemblies, as there is a challenge to maintain flexibility while keeping durability within
soft robotic assemblies [4,14,30]. As a result of this discovery, engineers have been inspired
to design more compliant components that can have better control over actuation and have
varied stiffness [14,30]. This varied stiffness can be invaluable to such assemblies utilizing
joints to help actively soften and adapt to a wide range of tasks [2,8,15,30]. Other benefits of
variable stiffness can allow for adaptive vibration damping, and mechanical modulation of
cell growth, and are universally useful for things such as orthopedic casts, customized seats,
and adaptive aerodynamic surfaces [15,24,30,31]. There have been attempts at variable
stiffness already with such efforts as jamming granular materials which are thin sheets,
this is activated when a vacuum is applied. This in turn increases the relative shear stress
experienced by the particles within the elastic membranes, which increases the stiffness
without a large volume change. The problem with this approach is the sheer volume of
granular material needed to achieve this higher stiffness, so while not really applicable for
the tiny compact designs of actuators within artificial muscles, this is highly useful for large-
surface robots. There have been other attempts such as continuum flexible manipulators
(CFMs), which utilize a rigid translational tube that partially restricts the bending of the
flexible section. The issue with the CFM approach is that it will only allow for bending
at one single position along this assembly and will require an additional actuator for the
tube to move properly. This paper [30] proposes that to solve all of these issues, they will
create a method that is cost-effective, compact, and can exploit the inherent thermoplastic
property. They also want to take advantage of the Joule heating capability for the printed
material without additional elements for stiffness variability and help with the application
of shape modulation for soft actuators. This approach they present uses the conductive
polylactic acid (CPLA) material, which can be readily printed with a fused deposition
modeling (FDM) 3D printer. The naturally conductive attribute of CPLA lends itself to
thermal activation through the aforementioned Joule heating, as a result, the CPLA shows a
98.6% reduction of young’s modulus, which dropped from 1 GPa (at 25 ◦C) to 13.6 MPa (at
80 ◦C). This result can be completely reversed back to its initial rest state by being cooled
back to room temperature (25 ◦C). CPLA has a glass transition temperature of 55 ◦C, which
is 60% of the value at its rest state at 25 ◦C. An example is shown how CPLA can be used to
modulate and control stiffness as well as the bending shape for a soft pneumatic actuator
is started when the CPLA layer is bonded to the flat side of a soft pneumatic actuator. At
room temperature due to the stiffness at the rest state for CPLA the soft pneumatic actuator
will not bend when pressure is applied, then when Joule heating activates at a specific
place on the CPLA the material around that area softens and begins to bend, this allows
for that area eventually can be controlled with the Joule heating to create an effective joint
or hinge. This overall bending shape from the actuator can be controlled by tuning the
CPLA temperature at different locations, but the soft pneumatic actuator can only bend at
these determined heated zones due to their now lower stiffness [30]. This is all illustrated
in Figure 3.
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Figure 3. (a) represents a render of the CPLA component undergoing thermal application measuring
its specific levels of thermal energy at different points along it. Where there is a higher thermal
measurement at a specific point along the CPLA is represented by the lighter color with red being
the hottest, at the point seen it has created a bend in this CPLA material. (b) is what the material
actually looks like now as a result of the thermal application due to the concentration of Joule heating
(Reprinted with permission from Bai, L. et al. [32]. Copyright 2021, CC BY 4.0 International).

3.5. Soft Robotic Grippers

In the field of biorobotics, all of the previously mentioned soft, adaptive, and durable
materials allow for the creation of soft robots that have a higher level of flexibility and
compliance than traditional rigid robots [15,33,34]. Recent research has shown that due to
these innovations in materials and actuators, soft robotic grippers will be able to handle
objects of various shapes and dimensions that could be incredibly fragile [33]. From this
research, more and more have tried to create a soft robotic gripper that can allow for
adaptive grasping, that could mimic the level of control and speed of a human hand, and
due to this goal, it has been incredibly beneficial to the artificial muscle industry. Before
these innovations, the issue was that with rigid grippers there were very few clues to figure
out the contact forces without adding sensors, which could heavily increase the weight and
cost of these incredibly small biorobotic assemblies. Another issue that lends itself to the
rigid robotic model was that compliance and stiffness control of these rigid grippers require
other increasingly heavy and complex elastic-actuation element arrangements [33,34]. The
soft robotic gripper, in contrast to the rigid robotics alternative, is that the soft robotic
grippers are naturally compliant and adaptive to their environments [15,33]. These soft
robotic grippers distribute contact forces and can allow for grasping without the need
for an actuator’s control-based sensor assemblies, which reduces complexity and weight
and directly affects the overall efficiency and cost of the artificial muscle [4,33]. Due to all
these attributes, the soft robotic grippers are capable of compliant grasping, and due to the
finger’s conformity, it increases the grip quality while the stiffness control is activated to
help lock and maintain the finger’s given deformation [33].

The previous attempts of these innovative soft robotic grippers throughout the last
several years have employed things such as SMAs and variable fluid viscosity to help
achieve variable stiffness. These creators used DE in combination with low-melting-point
alloy to allow for the creation of a variable stiffness gripper. Similar attempts of the
aforementioned proposed a way to achieve a variable stiffness gripper that had a built-in
position feedback system, the issue though was that there was little bandwidth for these
thermally activated materials, and these grippers had a limited amount of dynamic stiffness



Actuators 2022, 11, 168 9 of 56

control performance. On top of that, the previously proposed DE example required too
high of an operating voltage and would have low efficiency due to needing heating and
cooling for the associated energy gain and losses. Other attempts included a layer jamming
that would be induced to allow for an active vacuum adhesion gripper, this would be
able to lift flat and concave or convex-shaped objects. This would have a particle pack
that would act like a stiffness-changeable gripper but would be susceptible to membrane
damages. One other attempt was done to create a 3D printed soft gripper that combined
negative and positive pressures to help control and vary its stiffness. An intriguing attempt
was done where a soft robotic gripper had allowed for portions of its soft fingers to
inflate to help maintain and vary its stiffness control. Due to being monolithic, their force
output made them suitable for small-scale applications which could prove to be incredibly
useful in the future innovations to come in the field of biorobotics [33]. One attempt at
these soft robotic grippers uses something that is discussed later in this paper, is that
there is a design that utilizes antagonistic pneumatic muscle actuators to help achieve a
dissociated shape as well as the stiffness variation [33,35]. An important attempt within
the field of biorobotics is those of the pneumatic actuated soft robotic grippers, as they
lend themselves well to the adaptive and decoupled stiffness variability needed to control
artificial muscles [31,33,35]. This would also allow the soft fingers of said pneumatic
actuated gripper to utilize their length constraining mechanisms to allow for structural
integrity and maintain stiffness control. The key, as mentioned briefly from other attempts
at this soft robotic gripper, is that it is important to maintain as monolithic-like design as
possible, the less complex the gripper’s assembly is, the more weight it reduces and the
cost it saves. These pneumatic actuated soft grippers have fingers that combine articulated
length constraining mechanisms and pneumatic actuated muscles to create and maintain
stiffness control which can be used for stronger grips without losing on its gripper’s
compliance. The length constraining mechanisms have been described as that of the highly
compliant tails of the spider monkey, this is because their tails can function as a gripper as
itself grasping from branch to branch. The spider monkey tail has a muscular lining that
allows for the actuation of its skeletal structure which includes the backbone. The spider
monkey’s backbone is similar to our length constraining mechanism, which when actuates
its muscular lining underneath its backbone to help comply with its desired structural
shape and stiffness. This is how the length constrained mechanism allows for compliance,
this is where the pneumatic actuated muscle activates the length constrained mechanism to
maintain and manipulate itself into whatever desired orientation may be needed at a given
moment and maintain its stiffness for a strong grasp on the object [33].

From this prototype, there were two main components, the articulated length con-
straining mechanism, as well as the pneumatic actuated muscles. The particular length
constraining mechanism from this prototype’s muscles that had been used were ones that
had high individual tensile strength plastic units that were assembled to form an articulated
kinematic chain. These individual plastic units were connected with ball-and-socket links
that allowed for free movement in many directions; they 3D printed these same units for
the purposes of testing. However, after creating them time and time again, they resorted to
going for the official product instead as it was too complex for them to 3D print over and
over again. After this decision, they anchored pneumatic actuated muscles to the ends of
the length constrainer using the 3D printed anchors. They custom-made extension-mode
pneumatic-actuated muscles that were able to sustain pressure up to 700 kPa and extend
by up to 50% [33].

The proposed soft robotic gripper has three soft fingers that were in a symmetrical
tri-fingered configuration to offer much more flexibility as well as versatility when handling
variable-sized and shaped objects. These fingers were attached to the CAD 3D printed base
unit. In the individual fingers, there are three pneumatic actuated muscles, two of the three
would be actuated simultaneously which resulted in two effective degrees of freedom per
finger. Due to these two degrees of freedom, this allowed for bidirectional bending using
pneumatic actuated muscles in an antagonistic arrangement. It also allowed for a stronger
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gripper force generation from the simultaneous actuation of the two pneumatic actuated
muscles, which would create twice as much torque as a result. Then all of this would
culminate to achieve control over the stiffness from the remaining pneumatic actuated
muscle in the unused finger [33].

Going even further into the examples of soft robotic grippers is the work in [36], which
is a bimanual teleoperated pair of full robotic arms and five-fingered grippers. This can be
seen in Figure 4.
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Figure 4. (a) shows the composition of the hand assembly, which is comprised of a soft layer for
the index, thumb, and middle finger. (b) shows the way that the interconnected joints of the finger
assembly connect to one another with dovetail anchor plugs and sockets (Reprinted with permission
from Zhu, G. et al. [36]. Copyright 2020, CC BY 4.0 International).

Teleoperation is composed of a human operator with master devices that utilize and
control communication channels and slave robots. This master device physically connects
with a human operator, and the control commands are generated from this master device
and through the communication channels are sent to the slave robots which ultimately
carry out the desired movement and command. There is an interaction force between the
slave robot’s perception of its environment which is then sent back to the master device.
The slave robot would have its position and orientation acquired rather from the visual
perception of the human operator [36].

The two-arm approach, also referred to as being operated bimanually, from this as-
sembly allows for much more complex and challenging tasks for the assembly to handle
and endure. It is also using rigid gripper construction for the grippers, which have soft
augmented layers of a stretchable and malleable material called EcoflexTM. The intriguing
part of this whole assembly is the customization and variability for all of the applications
of pieces, since all of the fingers and palm can have EcoflexTM adhered to the hand and
help with the incredibly strong grip that these grippers have from the palm with a suc-
tion and inflation modules which comprise the soft layer in tandem with the EcoflexTM.
This increases grip strength and increases the cushion for objects as the grippers’ bare
assembly themselves is rather hard and rigid. An example of this soft layer can be seen in
Figures 5 and 6, showing the teleoperated bimanual assembly operating with a human
operator [36].
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3.6. Soft Robotic Sensors

Many of the examples presented so far have been implied to be for macro-scale
applications of artificial muscles, but in many new cases, the applications can be incredibly
small with a high level of precision. Things like surgery have been embracing this high level
of adaptability from artificial muscles, and due to many means of actuating these artificial
muscles, these can be produced small enough to fit into many different circumstances. The
issue is that while these artificial muscle assemblies can fit within these incredibly precise,
small, and delicate areas within those going through a surgery, they have trouble actuating
and properly being controlled within these situations [37,38]. The way to integrate greater
control and lessen the complexity of the overall assembly sensing for these delicate areas
has become paramount to many incredibly accurate and sensitive external hazardous
situations [37]. These sensors require signaling functions within a single element to help
form a feedback loop, the issue with all of this is that these current artificial muscle actuators
require external stimuli [39]. On top of the external stimuli required to actuate the artificial
muscle, they also require a control and signal transmission system, as a result, this increases
the complexity of the overall artificial muscle assembly [16,36]. So, the current trend for
creating greater sensors for incredibly small, fragile, and precise applications requires
flexible, compact, and adaptive artificial muscles that have a large strain for advanced
applications [31,39]. There have been attempts that, while they have their merits, still rely
on traditional micro-electro-mechanical systems (MEMS) force sensors that are embedded
into the soft layers, which increases the stiffness of the actuator. More recent attempts make
use of carbon-based composites, which allow for flexible and elastic sensors, these sensors,
while carbon-based, had conductive media that included multi-walled carbon nanotubes
(MWCNTs). The carbon-based composites were prepared with EcoflexTM, which is an
elastomer matrix, the reason for which is that it has the desired mechanical properties for
large tensile strain ranges. In the application of this proposed MWCNT-based actuator,
there were different applications of its sensing capability, such as measuring strain, force,
and pressure. With this in mind, there was an example created that was a compressive
force sensor that aimed to eliminate the effect of capacitance-induced impedance variation
that could arise from the large, agglomerated zones of conductive phases within the
MWCNT-based composite. They used a very low stiffness and viscosity elastomer within
the insulting phase of the composite. With various concentrations of the conductive phase
within the composite, it demonstrated their fabrication of embedded piezoresistive pillars.
Due to these piezoresistive pillars’ small surface area, they allow for the implementation
of high-density pillar arrays, as a result, these can push toward the development of high-
resolution, highly elastic, and conformal load sensing fabric [37]. Other sensors use fibers
such as in [40], which created an optical fiber Bragg grating (FBG) shape sensor for soft
robotics, that had flexible morphing similar to a wing’s structure. This optical FBG was then
embedded inside a polyimide film and fixed into the body of a soft robot and a morphing
wing, through their research they determined that the FBG sensor inside this polyimide
film held up to continued use over time [40].

Another proposed sensor used for these incredibly strict, small-scale, high-stake
applications is one that aims to emulate the way that a signal from the human brain travels
through the central neuron systems. This sensor uses electrical signals for sensing and
signal transmission, as a result, the information for bending and contraction deformation
can be gained from actuating. From the aforementioned aspect of these assemblies being
incredibly adaptable and flexible due to their components, the particular compact fibers
used in this were made of rubber, which was used to thermally drive tensile artificial
muscles with entropic elasticity. Up to this point within the research on these highly
sensitive small, scaled sensors, no one had created an artificial muscle that integrated
both tensile and torsional actuation from a single electrical signal as its external stimuli.
Specifically, it could self-control, allowing for the turning on and off of actuation due to
the feedback loop, by sensing the muscle deformation. This was fully realized as there
was a sensor on an actuator that was in a single elastomer fiber artificial muscle, from this
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artificial muscle they had designed a bisheath buckled CNT skin on an elastomer fiber core.
This was activated and sensed from the single electrical stimuli, the reason this works is due
to the elastomer fiber acting as a thermally driven artificial muscle, which would contract
due to the entropic elasticity by electro heating of the CNT later. The overall entropy of
the stretched elastomer would be lower than that of the non-stretched at rest elastomer,
and when heating the at rest rubber fiber, it would increase its elastic modulus. Due to
this increase of elastic modulus within the at rest rubber fiber, then it would isobarically
load the elastomer fiber to contract. The area in contact between the CNT buckles would
increase during the thermally driven contraction from the elastomer fiber, which results
in nearly linear resistance change as a function of the strain during the electrothermal
actuation. The muscle length can be measured and monitored by looking at the resistance
of the CNT sheath, which, calling back to the analogy of the mission statement for this
sensor, is similar to human muscle fibers from muscle spindles. The torsional actuation can
also be measured and monitored from the thermo-piezoresistive changes of the CNT layer.
This torsional artificial muscle was prepared by connecting an elastomer fiber muscle to
a return spring followed by a twist insertion. As previously mentioned, a feedback loop
was designed and created to allow for self-control of the actuation, by sensing the muscle
deformation [39].

When talking about artificial muscles, the obvious application is for victims missing
or unable to move their limbs to finally have a means of moving their damaged or missing
appendages. An example of consumers looking for near neural replication of an artificial
muscle is stroke victims, as some may lose control over their limbs which artificial muscle
aims to fix. The paper [41], seeks to create a pneumatically actuated soft robotics-based
bilateral therapy system for hand-specific rehabilitation in stroke victims. They propose a
paretic hand by using a healthy hand to guide the motion of the sensor integrated glove in
tandem with a robotic exoskeleton, this glove will track the motion of the healthy hand
and provide inputs for the soft robotic exoskeleton on the damaged hand [41]. Similar
to that post-stroke victim sensor, in the field of all robotics, biorobotics seeks innovation
for those the light-based sensors which can detect movement within macro and even
micro-scale applications [42]. There are researchers such as those within [42] who are
looking into molecular photo switches which are composed of photochromic molecules.
The main structure or backbone of these photochromic molecules can comprise many
things, but from their research they used spiropyrans, and on these backbones can be
applied various substituents that better fit these materials into their given applications.
There are also multi-responsive photochromic molecule-based materials that display more
than one isomerization mode, these are often created by covalently linking one or more
photo switches. The main idea between these applications of photochromic molecule
assemblies is that it could allow for the switching between many isomeric states that have
distinct spectral features, such as their colors, and could be used to help organize and define
these attributes into a data storage system. This data system could even surpass binary
notions and mimic advanced logic operations, other uses to discern different isomeric states
and their distinct features could be based on things such as their concomitant structural
changes and differences. An example of this is that of photophamacology, which is when
photoactive molecules are designed to interface with biomolecules of particular interest only
after being exposed to an external light stimulus. This changes the structure of this from
its passive form to its active form, though in many of these cases they utilize azobenzene
derivatives in tandem with diarylethene as well as the aforementioned spiropyrans [42].
Any of these attempts at utilizing these materials to allow for machines to operate in a
passive and active state from their light stimuli could one day allow for the use of these
techniques and assemblies in artificial muscle sensors. One day the user may be able to
set the parameters for a particular hue or shade of color in an application to set movement
limits for applications with incredibly high levels of accuracy.
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3.7. Miscellaneous Techniques for Materials Used in Actuation

A topic that is discussed in the next section which is incredibly influential within the
field of artificial muscles, if not all biorobotics, is the use of pneumatics within artificial
muscle assemblies. An innovation done to these soft pneumatic actuators is within their
air-bladder region, researchers have searched out the effect of cutting slits in these bladders
to see how they could help with their commonplace reliance on their elasticity. These
actuators are called slit-in-tube (SLiT) actuators, these patterned slits are within a fabricated
tube that is composed of an inextensible or compressible polymer composite [43]. When
the pneumatic actuator actuates and pressurizes the air bladder, it expands inside region
which has patterned slits, this is similar to pleated pneumatic artificial muscles (pleated
PAMs). These pleated PAMs are like pneumatic actuated muscles, which are a subclass of
McKibben-like actuators, a number of pleats are created along the direction of actuation,
and as the actuator expands and displaces it unfolds these pleats [43,44]. Other similar
attempts before SLiT, were things like the strategy of an elastomeric soft actuator, which
had parallel slits that were cut on a roll of paper, and that paper was embedded within
a layer of elastomer. When this was pressurized, the center of the roll opened the slits
and would expand like a Japanese Toro, which is their form of traditional lantern. Similar
offshoot attempts of this pneumatic actuated elastomeric soft actuator had utilized a plastic
braid around an elastomeric tube, which would amplify motion. This SLiT attempt with
the pneumatic soft actuators used similar to the last attempt with plastic tubes to create
braids outside of the elastomeric structure, which when expanded and pressurized would
have a range of motions [43].

Another specific innovation for a particular form of actuating artificial muscles is
the piezoelectric actuators. Piezoelectric actuators allow for the production of tension or
compression in thickness direction under the external stimuli of electric fields. When these
piezoelectric actuators are subjected to the electric field, they exhibit a converse piezoelectric
effect, this effect creates mechanical stress within the microscopic structural lattices of the
particular piezoelectric material. The stress produced from this process can be translated
into force change or displacement. While piezoelectric actuators are far from perfect, they
allow for high speed, high-stress manipulation, high energy efficiency, and high positioning
precision. The disadvantages are just as relevant when considering this means of actuating
an artificial muscle, such as the high-voltage requirement, low robustness, low strain, and
rather low power density. For example, a material used with a thickness of 100 µm will
require 100 volts, and, furthermore, these piezoceramic materials are, in general, brittle and
have small fracture toughness. The inherent applications for these piezoelectric actuators
are most useful for more micro-scale applications but also allow for macroscopic and
hybrid style applications as more common uses for them. The means of controlling this are
two means, both feedforward control as well as feedback control. Feedforward control is
used most often for compensation of nonlinear and vibrational dynamics, and by modeling
the inverse mapping of this nonlinear relationship the inverse model can be used as a
feedforward controller. To further improve accuracy and robustness, feedback control
can be utilized instead, things like proportional-integral-derivative (PID) controllers were
widely adopted due to their simplicity and great performance. PID control eliminates
steady state errors and can be especially effective when under a static or low-frequency
operation. Some more advanced applications with proposed higher bandwidth control are
things such as sliding mode, which can achieve rather strong robustness by rejecting input
uncertainties, hysteresis, and other disturbances. Keeping a greater control over robustness
allows for the minimization of effects of disturbances within all of these means of actuation
within piezoelectric actuators [45]. All of these components with their advantages and
disadvantages can be seen in Table 1.
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Table 1. Summary of each category of components and their advantages and disadvantages.

Type of Component Advantages Disadvantages

Paper-Thin Materials and
Techniques for Them [8,10–15]

• Flexible.
• Malleable.
• Origami and kirigami can be used to increase

durability.
• With origami and kirigami techniques, you will

use less material, making it more cost effective.
• Lighter, more compact alternative.
• PDMS elastomers have biocompatibility with

many components.
• PDMS elastomers are easy to clean and are

transparent.
• PDMS elastomers are great and cost-effective

for creating prototypes.

• Durability is an issue.
• Has the least amount of rigid support of the

listed components?
• Must have some form of rigid support to be

utilized well.
• Origami and kirigami require training and

can add cost and time to projects.
• Not always the most cost effective.

Liquid Crystal Polymers and
Elastomers [16–20,46,47]

• LCPs can be used in artificial muscle assemblies
to allow for actuation by many forms of external
stimuli, as well as light-based stimuli.

• LCEs offer reversible shape changing.
• LCEs can experience variable stiff-

ness when exposed to high thermal
UV lights.

• Capable of multidirectional bending.

• While highly applicable it does not allow for
fast actuation.

• Materials can be expensive, as a result, it is
not the most cost effective.

• Many innovations are more recent and as a
result, need more research.

Artificial Skin and
Fabrics [9,21–29,48]

• Add much greater durability to the artificial
muscle assembly.

• Some are water and debris resistant.
• Robotic fabrics can eventually combine sensors

and actuators into a
compact sleeve.

• Robotic fabrics can allow for passive and active
external structures.

• Robotic fabric will be able to sense and
transmit data.

• Twisted fibers can be used in actuation using
thermal, electro-chemical with or without
solvent, solvent-based, and
photo-responsive-based stimuli.

• CNTs are helping to eliminate risk in
dangerous jobs such as those that deal with
MWR. CNT helps eliminate metal materials
that have highly reflective properties when
exposed to MWRs.

• While robotic fabrics can allow for the use of
actuators and sensors in one wearable sleeve,
there is not enough research or testing to get
it working perfectly at this time.

• Robotic fabric in theory can transmit data
seamlessly, but it does not have the proper
information fleshed out yet.

• CNTs are expensive and even researchers
themselves are trying to figure out how to
make them cheaper.

• Many alternatives for artificial skin and
fabrics, while intriguing, do not have the
necessary research, or testing to go public
with their innovations.

Rigid Materials and
Techniques for

Variability [2,4,8,14,15,24,30–32]

• They add stability and structure to other
soft bodies.

• Some allow for controlled and
varied stiffness.

• Variable stiffness grants access to vibration
damping, which can greatly increase the
overall accuracy and precision of an assembly.

• Attempts to crack control over stiffness are
currently being realized, such as the
CPLA method.

• While variable stiffness is a great trait to
have, it still has not fully been realized as it is
hard to attain without some downside.

• Some forms that utilize rigid materials to
achieve variable stiffness only work with
larger macro-scale robots, but do not work
with small artificial muscles. This is because
of the sheer amount of material needed to be
used up in their process.

• Some attempts can be used in smaller-scale
applications such as in artificial muscle
assemblies, it can even allow for bending, but
only along one single point, and requires
another actuator.

• This, in turn, increases the complexity and
cost of the overall assembly, while
reducing mobility.

• While the CPLA method mentioned is
intriguing, it can only allow for bending
along very specific points.
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Table 1. Cont.

Type of Component Advantages Disadvantages

Soft Robotic Grippers [4,15,33–36]

• Soft robotic grippers are naturally compliant
and adaptive to their environment.

• They are able to distribute contact forces.
• Due to distributing their contact forces, they

can grasp without the need for the actuator’s
sensor-based control.

• Without the need for this assembly, they also
decrease the overall weight and complexity of
the gripper assembly making it more
cost effective.

• Due to the attributes of the soft robotic
grippers, they are able to achieve greater finger
conformity which increases the grip quality
while the stiffness control is activated to help
lock and maintain the finger’s
given deformation.

• An issue for thermal-activated assemblies
was that there was little bandwidth for these
thermally activated materials.

• As a result, these grippers had a limited
amount of dynamic stiffness
control performance.

• On top of that, the previously proposed
examples such as the DE one required too
high of an operating voltage.

• The DE example would also have low
efficiency due to needing heating and cooling
for the associated energy gain and losses.

Soft Robotic Sensors [16,31,36–42]

• Can allow for incredibly small-scale
applications to gain a high level of precision
and accuracy for grippers and actuators.

• These sensors can do this because they require
signaling functionality within one single
element to create a feedback loop.

• They are currently pushing toward the
development of high-resolution, highly elastic,
and conformal load sensing fabrics.

• Currently, it is a huge innovation and tool used
within the field of biorobotics and current
research is being done on helping
post-stroke victims.

• These sensors require artificial muscle
assemblies that are flexible, compact, and can
be adaptive.

• The issue with these sensors is that current
artificial muscle actuators require
external stimuli.

• On top of the external stimuli required, they
also require control and signal
transmission systems.

• This increases the complexity of the overall
artificial muscle assembly and increases the
cost of the overall assembly.

Miscellaneous Techniques for
Materials Used in Actuation [43–45]

• Slits in PAMs can be used with other
techniques to allow artificial muscle assemblies
to have a greater range of movement.

• Piezoelectric actuators can utilize feedforward
control which allows for compensation of
nonlinear and vibrational dynamics.

• Piezoelectric actuators can instead further
improve accuracy and robustness by using
feedback control instead.

• This method utilizes PID controllers which
were widely adopted anyway due to their
simplicity and great performance.

• PID controllers eliminate steady state errors
and can be especially effective when under a
static or low-frequency operation.

• Piezoelectric actuators, whether or not they
utilize feedforward or feedback controllers,
still both have a high-voltage requirement.

• They also have low robustness, low strain,
and rather low power density.

4. Nanocomponents in Artificial Muscles

For the last few decades, all fields of technology are trending towards miniaturization,
and artificial muscles are no different [10,45–47,49]. Artificial muscles have developed to the
point where nanotechnology is being more incorporated into new developments in the field.
Nanotechnology refers to the manipulation of matter on the 1–100 nm scale. The recent
advance in nanotechnology allows the once theorized properties of some nanoparticles to
be confirmed through testing [10]. The integration of nanotechnology and artificial muscles
will lead to the creation of small yet powerful artificial muscle systems. There are four
classifications for commonly used nanosized artificial muscle components that will be
addressed in the paper: graphene, carbon nanotubes, fullerene, and motor proteins.

4.1. Graphene

Carbon-based materials come in many forms, but the backbone of many carbon-based
nano components is graphene. Graphene is a single layer of carbon atoms arranged in a
hexagonal crystalline structure with sp2 bonds. Graphene is an allotrope of carbon with
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the simplest form having a carbon-to-carbon covalent bond distance of 0.0142 nm. This
carbon-based material is held in such high regard because graphene can be used in a wide
variety of applications not only in artificial muscles but in most scientific fields. Graphene
has been held as “one of the most wonderful achievements in science” since 2004 [50].
Graphene is thin, light, flexible, and transparent. Graphene has various advantages in the
artificial muscle field. Graphene is one of the mechanically strongest materials known and
is a great conductor thermally and electrically [51]. Graphene can be stacked to enhance its
properties. While graphene is a great material on its own, it can also be used in conjunction
with other materials to enhance its properties.

Graphene’s most distinct property is its high mechanical strength. With a single
layer of graphene, young’s modulus ranges from about 0.8 TPa up to 1.1 TPa [52]. For
comparison’s sake, a diamond can yield a young’s modulus of about 1.2 TPa. The same
study documented an experiment with graphene where it yielded a tensile strength test
ranging between 100 and 120 GPa [50]. A fractional stress of 97.54 GPa and shear strength
of 60 GPa were reported, however, more tests on shear strength and fractional stress must
be conducted to formulate a more conclusive result [50,52]. While more research needs
to be conducted on the mechanical properties of graphene, the values currently known
show that one layer of graphene has a mechanical strength comparable to diamond. The
study conducted by Hyeon et al. investigates how a carbon nanotube coated in graphene
operates as an actuator [53]. Carbon nanotubes are placed in a solution of graphene and
then twisted to roughly 800 turns/meter. After the carbon nanotubes are removed from the
solution, they are twisted roughly 3500 turns/meter [54]. Once fully formed, the twisted
carbon nanotube will appear as seen in Figure 7, with a yarn-like twist pattern. The carbon
nanotube twist yarn actuators actuated by applying a voltage of−3, this causes the material
to compress itself. The material experiences a large tensile actuation of 19%, more than
twice as strong as the bare carbon nanotube muscle [54,55]. A similar study was conducted
by Foroughi et al., where a tensile actuation of 4.7% was recorded for standalone graphene
fiber, four times weaker than graphene fiber [55].
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of the graphene fiber fabrication; the arrow indicates the direction of rotation; (b) SEM images of
the directly dried graphene fiber, and (c) twisted graphene fiber (Reprinted with permission from
Foroughi, J. et al. [55]. Copyright 2020, CC BY 4.0 International).

Along with graphene’s mechanical properties, it is also the best-known conductor.
Graphene’s high electrical properties come from the two pi-electrons found in every hexag-
onal ring in graphene sheets. At room temperature, single-layer graphene is theorized to
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show a thermal conductivity range of 3000–5000 Wm−1 K−1 [56]. Graphene’s electrical
conductivity can be modulated by applying an electrical field; this effect is possible due to
graphene’s two-dimensional shape. With three-dimensional metals, the abundance of free
electrons in the metal dampens the electric field [55].

On its own, graphene is a very useful material with strong properties, but graphene
can also be used to enhance the properties of other materials as a coating [53,57,58]. Using
graphene as a material in a nanocomposite, the mechanical and conductive properties are
increased. Hwang et al. investigated electroactive plasticized PVC gel as a soft actuator in
artificial muscle applications [54]. The PVC gel is placed between an anode and cathode
attached to a function generator. The function generator applies a square wave of ±0.5 kV,
±1.0 kV, and ±1.5 kV to the PVC gel. As a response to the electrical pulse, the gel contracts,
and the displacement is measured. The study reports that the inclusion of graphene oxide
(GO) at 0.1 wt. increases the overall performance of the PVC gel. The PVC/GO gel shows a
20% increase in displacement at all tested voltages compared to the PVC gel. The PVC/GO
also showcased a significant increase in the blocking force by 41% and power output by
36%. The study by Hwang et al. utilizes graphene’s conductivity to increase the efficiency
of the PVC gel [59].

Graphene, with its high mechanical strength and conductivity, is the thinnest material
in existence. Graphene is a two-dimensional structure of carbon molecules, so it yields a
thickness of one carbon atom [60]. While one atom is thin, graphene keeps its highly flexible
and transparent features. A unique feature that graphene has is its ability to stack upon
itself. By creating a stack of graphene material, the mechanical and conductivity of the
material increases to the detriment of its thickness and transparency. Hwang et al. created
a transparent actuator using a few layers of graphene [59]. The actuator was composed of
a silicone elastomer with electrodes on each side. The electrodes were made of graphene
dispersed in N-methyl-pyrrolidone stacked upon itself. The transparent actuator recorded
a displacement ranging from 29 to 946 µm. When the stacked actuator was exposed to
a wavenumber of 600 nm, it had optical transparency of over 57%. This is a significant
decrease in transparency compared to a single layer of graphene’s transmittance at 97.7%
and silicon’s transmittance of 75–85%, as the study recorded. The actuator demonstrated
that graphene loses its transparent property while retaining its actuation capabilities as
graphene is stacked [59].

Along with its mechanical, conductive, and physical properties, graphene is bio-
compatible. Jia et al. conducted a study that promotes the biocompatible application of
graphene [61]. The study compares two actuator films: Ti3C2TX MXene and Ti3C2TX
MXene-graphene oxide (MGO). MXene films are weak, brittle, and prone to oxidation.
The addition of graphene oxide into the film made the actuator response time faster, more
conducive, and more stable, with a larger bending angle. The MGO has higher cycling
stability, after 50 cycles MXene film began to deform while the MGO film remained un-
changed. In another test, the films were constantly exposed to water vapor for 10 days. On
the tenth day, MGO was able to maintain the same bending angle as the first day, where the
MXene film reverted to its original shape. The study points out that MGO is a promising
material for biomimetic soft actuators. To showcase some of the MGO applications, the
study created three actuators. The first actuator the study created was a simulated flower
with six petals. When the flower is exposed to water vapor, the flower blooms, reaching
its maximum expansion in 16 s. When the water vapor has been removed the flower then
slowly reverts to its original shape. The second MGO film application was by Jia et al.,
in which their team created a robotic arm triggered by moisture capable of lifting objects
several times its strength [61]. A non-contact switch with MGO was fabricated. The switch
is activated by placing a finger near, but not touching, the MGO film. The water vapor that
is passively released from a finger activates the MGO until it actuates enough to close the
circuit, activating the lamp. The study continues by suggesting that MGO film should be
used in various applications [61].
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Graphene has many great properties, but no material is without its flaws. There is
one major aspect of graphene that was affecting its prevalence today: production. There
were two main problems with the current production methods of graphene. One is the lack
of consistency in using all methods of production [62,63]. The other problem is that it is
very costly to produce even a small amount of graphene [62]. The production of graphene
struggled with consistency, harmful byproducts, and excessive cost. Over the years, the
production of graphene has gone through dramatic changes to the point where mass
production is possible. Omoriyekomwan et al. proposed a process of converting biomass
into graphene [63]. The process heats the biomass via microwave to create graphene and
graphene fiber. The study concludes that microwave-assisted pyrolysis of biomass can be
an effective method of fabrication, capable of the production of graphene in large quantities
and consistently. However, more research must be conducted to prove the method is more
efficient. The production of graphene suffers from inconsistency and is cost-ineffective, but
microwave-assisted pyrolysis leads to a promising future for the fabrication of graphene.

4.2. Carbon Nanotubes

Carbon nanotubes (CNTs) are another common nanosized component in artificial
muscle applications. CNTs are another allotrope of carbon that is the intermediary position
between the flat two-dimensional structure of graphene and the three-dimensional ball-
like shape of fullerene. There are two types of carbon nanotubes: single-wall carbon
nanotubes and multi-wall carbon nanotubes. Single-walled carbon nanotubes (SWCNTs)
are a single layer of carbon atoms in a hexagonal structure rolled to create a hollow cylinder.
Pure SWCNTs are known for their ability to conduct heat and electricity at a high rate.
Like graphene, CNT can be stacked to enhance its properties. SWCNTs can be arranged
concentrically to form multi-walled carbon nanotubes (MWCNTs). Multiple SWCNTs are
bound together through weak intermolecular forces. The MWCNT is mechanically strong
to the detriment of its conductivity capabilities [62].

Carbon nanotubes share many similarities to another allotrope of carbon, graphene.
Structurally, carbon nanotubes and graphene are the same, both are composed of carbon
molecules arranged in a hexagon pattern. Graphene’s and CNTs’ compositions of carbon
makes them a thin, light, and flexible material [63]. CNT and graphene share the trait
of having a delocalized electron, making them excellent conductors [64]. Graphene and
CNT also can stack upon themselves to enhance their mechanical strength [62]. Similarly,
to graphene, SWCNT is difficult to produce efficiently and consistently [28]. This affects
not only the application but also impedes the amount of testing that can be done on
the materials.

The actuation system for any artificial muscles is important. A popular method of
manipulating artificial muscles is by embedding polymer composites inside the would-
be hollow section of the nanotube. The embedded polymers can be activated through
hydrothermal, infrared, or Joule heating [65]. When the polymer is heated, the nanotube
will actuate in one direction, axially along the tube [66]. Another method of actuating carbon
nanotubes that was proposed was using microwave radiation. By applying electromagnetic
radiofrequency radiation waves with frequencies from 300 MHz to 300 GHZ, the polymer
composites will heat up. The electromagnetic waves have long wavelengths, this allows
the polymers to heat up volumetrically and subsequently faster actuation compared to
hydrothermal, infrared, or Joule heating. Actuation by microwave works best when the
CNTs are aligned in an orderly fashion. CNTs placed in a random orientation in the polymer
matrix could result in a non-uniform orientation [67].

Large quantities of CNTs can be made into a popular form known as fiber, also
known as yarn. Carbon nanotube fibers (CNTFs) are formed through a process called wet
spinning. Wet spinning is a process in which a polymer is mixed with a solvent and the
solution is extruded onto a chemical bath to form the fiber [67]. CNTFs can be used in
a variety of applications due to their desirable properties, such as its lightweight, high
strength, high conductivity, and long cycle life [29,63]. Liu et al. created a robotic gripper
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based on the human hand [68]. The gripper uses an all-solid-state CNTF that contracts
when electricity is applied. This is to replicate the tendons in a finger, to maximize the
properties of all-solid-state CNTF, Liu et al. used twisted fibers with a weight attached
to the non-fixed end. CNTFs are a popular form of carbon nanotubes because they bring
out a lot of desirable traits. However, the one degree of freedom that the CNTF actuator
causes some complications [68,69]. The CNTF’s driving methods limit some of its potential
applications [66]. Additionally, CNTFs have a slow response time, low output stress,
unpredictable drive deformation, and the inability to self-recover without being exposed to
external sources [68,70].

Another study created a biocompatible carbon nanotube fiber. The microfiber is com-
posed of a hyaluronic acid hydrogel (HA) and SWCNTs. The HA gel reduces the surface
tension and increases the dispersion of SWCNTs, increasing electrical and mechanical
properties. The HA hydrogel also prevents the CNTs from leaking out of the HA/SWCNT
composite. The HA/SWCNT enhances the young’s modulus, failure strain, toughness, elec-
tric conductivity, and resistance to biodegradability. When a 1 V is applied to HA/SWCNT,
the fiber acts by contracting. To test the biocompatibility of HA/SWCNT, the microfiber
composite was implanted under the skin of mice and checked after 1 and 3 weeks. The
immune response to the introduction of HA/CNT can be measured by the presence of
monocytes and macrophages. The experiment shows that after one week, a large number
of monocytes and macrophages were still present. However, after three weeks, there is a
dramatic decrease in monocyte and macrophages around the fibers. The HA/SWCNT has
shown that it is improved mechanical, conductivity, and actuator behavior, and biocompat-
ibility properties to be an effective material in biomedical applications [71].

Due to the CNT’s geometry of a hollow cylinder of graphene, there are many simi-
larities. However, the differences in geometry change a few properties between CNT and
graphene. Kumar et al., identify the difference in properties of the two materials. The
strength of the materials is drastically different. Although both materials are mechanically
strong, pure graphene is superior to a pure SWCNT [72]. Additionally, a CNT is signifi-
cantly weak when exposed to radial forces [73,74]. Since a CNT is a hollow cylinder, it is
also larger and heavier. By contrast, graphene is extremely light and thin because of its
two-dimensional shape. While SWCNTs and graphene have difficulty to be produced in a
fast and consistent manner, MWCNTs do not suffer the same production issue. MWCNTs
have had many improvements to their fabrication process to the point where MWCNTs are
available in abundance commercially, an example of its three-dimensional model can be
seen in Figure 8 [64].
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otube (SWCNT). The image on the right is three SWCNTs concentrically aligned on top of one
another, also known as a multi-walled carbon nanotube (MWCNT) (Reprinted with permission from
Ganesh, E.N. [64]. Copyright 2013, CC BY NC ND 4.0 International).
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4.3. Fullerene

Fullerene is an allotrope of carbon where a network of carbon atoms joins together
to form a pentagon, hexagon, or heptagon ring and multiple rings join to form a hollow
spherical shape [75]. Fullerenes are named using the empirical formula, Cn, where n is
the number of carbon atoms. The most notable fullerene is C60 and is often referred to as
“buckyball” for its soccer ball-like shape, as seen in Figure 9 [50].
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Like the previously mentioned allotropes of carbon, many of the properties of fullerenes
were already theorized before its synthesis in 1985. Compared to the other carbon al-
lotropes mentioned in the earlier section, fullerene has been extensively investigated. While
graphene and carbon nanotubes are formed of carbon molecules bonded and arranged in a
hexagonal pattern, fullerene’s carbon molecules are arranged in the shapes of a pentagon,
hexagon, and sometimes a heptagon. The arrangement of the carbons of the first discovered
fullerene, C60, is akin to a soccer ball, with a pentagon with hexagons touching each side.
The other fullerenes follow a pattern of a pentagon, hexagon, or heptagon connected to a
hexagon on each side; the pattern continues until a sphere-like object is formed [76]. The
difference in form results in fullerene’s different properties, one such property is conductiv-
ity. The well-known allotropes of carbon like graphene, diamonds, and carbon nanotubes
are excellent conductors of heat and electricity. Pure fullerene, on the other hand, is a
poor conductor of electricity and heat, which makes fullerene a good insulator. There are
two reasons for fullerene’s poor conductivity: one is its sphere-like structure, and the other
is the charge of the molecule.

Fullerene sphere-like structure makes the electron jumping from one molecule to
another difficult. A fullerene molecule has delocalized electrons to allow for conductivity,
but the electrons are only delocalized within an individual molecule. So, a single molecule
is conductive but fullerene in bulk does not allow for the electrons to transfer from one
molecule to another. A pure molecule of fullerene, C60, has no unpaired electrons, making
it a good insulator [77].

Jung et al. created a fullerene-Nafion actuator that emphasizes the properties of
fullerene as a composite material. The study analyzes the effectiveness of the inclusion of
fullerene in a Nafion composite actuator. There are three samples: pure Nafion, 0.1 wt%
fullerene-Nafion, and 0.5 wt% fullerene-Nafion. As the concentration of fullerene increased,
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the tensile strength and young’s modulus of the composite increased tremendously. Pure
Nafion has a young’s modulus of 9.8775 MPa while 0.5 wt% fullerene-Nafion has over
double the young’s modulus at 20.6573 MPa. As seen in Figure 3, the higher fullerene
concentration composite actuator performs significantly better compared to the composite
actuator performing better than the pure Nafion actuator. While fullerene is not electron
conductive, the study indicates that the proton conductivity of the composite increases as
the weight percentage of fullerene increases [78].

The study by Rajagopalan et al. created a fullerenol-based biocompatible artificial
muscle. The artificial muscle was composed of sulfonated polyetherimide (SPEI) with a
homogenous dispersion of polyhydroxylated fullerene (PHF) particles. Compared to a
pure SPEI, the PHF-SPEI artificial muscle has more favorable properties. The PHF-SPEI
displayed a high-water uptake and proton conductivity, which are essential properties for
high-performance ionic polymer actuators. PHF-SPEI was proven to be a more flexible
actuator with three times the range of motion as the pure SPEI. PHF-SPEI is also much
stronger as an actuator than pure SPEI. Rajagopalan created three PHF-SPEI artificial
muscles of different concentrations of PHF: 0.1 wt%, 0.3 wt%, and 0.5 wt%. The study
observes that as the concentration of PHF increases, the water uptake, proton conductivity,
and blocking force also increase. The SPEI and low concentration of PHF make the actuator
biocompatible with many potential applications in artificial muscle [79].

The most significant difference between fullerene and the other two allotropes men-
tioned is the amount of research done [21], even though fullerene was discovered not too
long before CNT and graphene, 6 and 19 years respectively. The current level of under-
standing of fullerene is significantly ahead of graphene and CNT, the reason for such a
discrepancy is the difficulty in production. Fullerene is a much easier material to fabri-
cate, and this ease of production allows for more research to be done to gain insight into
the material. The rapid production of graphene and carbon nanotubes was only another
difference between fullerene and the other carbon allotropes used in artificial muscles is
that fullerene alone is rarely used. Artificial muscles that use fullerene use fullerene as a
composite with other materials. While fullerene is not mechanically strong, it can enhance
the mechanical strength and conductivity of other materials [21,80–82].

4.4. Molecular Motors

Motor proteins are a category of molecular motors that move along a cytoskeleton
filament. Three motor proteins are found in molecular motors: kinesins dynein and
myosin. The most studied protein motor is kinesins [83]. When observed, kinesin can
be seen “walking” across the surface of a microtubule. This particular mechanical motor
can chemically bond to a substance to transport it. While the motor is actuating, the
kinesins act as the legs and can be observed chemically binding and unbinding to the
surface of the microtubule [83–87]. Another type of molecular motor is dynein. Dynein
operates very similarly to kinesis, as the protein bonds to the microtubes for actuation.
The difference between the two is that kinesin moves in a “walking” movement from
the negative end towards the microtubules’ positive end. Dynein travels in the opposite
direction, positive to negative, in a sliding movement. Within the body, dynein motors
propel bacteria and other cells [83]. The proteins’ ability to move towards the cell negative
end is known as retrograde transport. The last protein motor is myosin. A myosin is a group
of motor proteins that plays a significant role in the contraction of muscles throughout
the body [83,86]. These protein motors actuate the same way as kinesins, by binding and
unbinding to the cytoskeleton.

Two cytoskeleton filaments are used in molecular motors: actin and microtubules. The
filament that is commonly used in experiments is microtubules. Microtubules are a polymer
made of tubulin, formed by the cytoskeleton, and given structure and shape to eukaryotic
cells. Microtubules are hollow tubes that keep the shape of the organelles [79]. The other
cytoskeleton filament is the actin filament. The actin filament is a multifunctional protein
that is found in all eukaryotic cells. While the actin filament is hollow, thin, and flexible,
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microtubules are comparatively thicker, and stiffer [2]. The filament is the main method of
control for artificial muscles with motor protein components. The motor proteins operate
on the filament that acts as the track for the motor proteins as they travel from end to end
of the filament [83]. The filament is constantly changing, through reactions, materials are
added and subtracted from either end. One end grows at a more rapid rate is known as the
plus end while the other end is known as the minus end [79,85]. Microtubules are known
as the largest type of filament. Actin is made up of a long spiral chain of identical actin
proteins. Actin also has a plus and minus side. Actin is also the smallest type of filament
measured at about 10 nm [84].

A desirable quality of molecular motors is their ability to convert chemical energy
into mechanical energy. Molecular motors are often used in organic materials. As long as
the motors are hosted in organic material, there is no need for an external power source.
Since the components that make up the molecular motor are organelles, they can gain
the necessary power the same way other organelles do. The molecular motor and other
organelles draw energy through ATP hydrolysis, so the organism that the molecular motor
inhabits will supply the energy for the motor function. All three motor proteins, kinesins,
dynein, and myosin convert ATP hydrolysis into a directed, non-random, motion [83]. The
proteins continue in that motion until the end of the cytoskeleton.

Kinesins are the most commonly used motor protein due to their advantageous
properties in the application of artificial muscles. One of the more recent advances in
molecular motors in artificial muscles was a study conducted by Matsuda et al. [85]. The
study was modeled after macroscopic and mechanical swarm robots. The “robot” was
composed of three parts: DNA, a microtubule, and kinesin. The DNA is composed of six
DNA helices bundled together in a hexagonal cross-section. The DNA acts as a sensor
and a processor. From the DNA, 12 microtubules extrude. The microtubule was modified
with single-strand DNA to act as the bridge for each molecular swarm robot. The final
piece of this molecular robot is the kinesin. The kinesin is the actuator of the robot. The
kinesins are multimeric that attach themselves to the bridges of each robot. When ATP
hydrolysis begins, the kinesin pulls the bridges together until it reaches the end of the
microtubules. As all the kinesin pulls the bridges together, the swarm robots’ contract into
themselves. Although the process is a simple contraction, the programmability of DNA
will allow the robots to perform a more complex task. Matsuda et al. speculate that the
combination of DNA nanotechnology and biomolecular motor systems will open a new
dimension for programmable molecular robots, a simplified diagram of each molecular
robot’s components is shown in Figure 10 [84,85].

4.5. Metallic Nanoparticles

Nanoparticles are matter that ranges from 1 to 100 nm in diameter. At that scale,
particles begin to exhibit different properties than their larger counterparts. Nanoparticles
are not subject to the same laws of physics as larger objects; at the same time, they are too big
to be subjected to the laws of atomic and molecular matter. One reason that nanoparticles
are effective is because of their surface area Despite their small size, nanoparticles have
more surface area than material made up of bigger particles. The greater surface area allows
more particles to come into contact with surrounding material, making it more reactive.
The common nanoparticles used are made up of pure metals or metal oxides [75,88].

Of the available metal nanoparticles, gold is one of the most used. Gold nanoparticles
become a better conductor of electricity and heat. Gold retains its property of being nontoxic
to the human body. This property is why gold nanoparticles are often used in the medical
field. Zhu et al. created a biomimetic morphing hydrogel actuator with sophisticated and
anisotropic structures. The actuator was inspired by the morphing behaviors of pant organs
with different alignments of cellulose fibrils. To create their actuator, Zhu et al. added
gold nanoparticles with an average size of 10 nm into the gel mix. The study uses pat-
terned electrodes to create a distributed electrical field to orientate the nanosheets [89]. By
incorporating gold nanoparticles, the hydrogel is now photo-responsive and capable of pro-
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grammable motions. The gold nanoparticles at a photothermal transducer, converting light
irradiation into locomotion. When the hydrogels are subjected to heat or light stimulations,
it exhibits dynamic deformation and motion. Light stimulation allows for more precise
control over the actuator. Using different alignments, the hydrogel is capable of bending
and twisting into complex shapes. The study suggests that the gold nanoparticle-infused
hydrogel has many applications in soft robotics as biomimetic materials [89,90].
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Silver is another commonly used metallic nanoparticle. Silver, on the nanoscale, has
a large surface area and can be synthesized in various shapes: sphere, rod, hexagon, etc.,
silver’s properties, such as thermal, catalytic, and optical properties, are strongly influ-
enced by the shape and size of the nanoparticle. Silver nanoparticles are widely used
in the medical field as a sterilizing agent. Silver nanoparticles also have applications in
the field of artificial muscles. [90]. Yu et al. used silver nanoparticles as a cost-effective
additive to increase the electromechanical properties of the dielectric elastomer composite.
Silver nanoparticles are used to coat titanium dioxide nanoparticles in a natural rubber
matrix. The silver particles deposit on the surface of titanium dioxide particles to increase
the dielectric properties while decreasing the elasticity of the material [91]. The presence
of silver nanoparticles increases the conductivity by reducing the surface resistance [92].
The increase in conductivity allows for the dielectric actuator to actuate further at rela-
tively lower electric fields. The addition of silver nanoparticles is a cost-effective surface
modification with applications to improve the electromechanical properties of polymer
composites [91].

Gold and silver are two commonly used nanoparticles but there are many more
metallic nanoparticles that differ from their larger variant. Some metallic nanoparticles
come in the form of metal oxides, such as titanium dioxide, and iron oxide, or metal alloys
such as iron-platinum. As nanomaterial continues to develop new and innovative ways to
advance artificial muscles.

4.6. Comparison of Nanocomponents

Table 2 has a short list of properties for the nanocomponents mentioned in this section.
From the data collected from various sources, conclusions can be drawn from said data. All
of the carbon nanomaterials are mechanically strong due to their carbon-carbon bonding.
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Carbon-carbon bonding is the strongest bonding currently known in science. Graphene
yields the highest tensile and elastic modulus of the nanocomponents due to its two-
dimensional structure. Fullerene and CNTs are more likely to fail when due to their hollow
interior structure. The bonding also gives graphene superior flexibility. The shape of
graphene and SWCNT give them high electrical conductivity. Each carbon is bonded
with two others, for an easier flow of electrons. On the other hand, fullerene, in bulk,
is an insulator because there is not a clear path for electrons to jump from fullerene to
fullerene. Although the carbon nanostructures are strong, they are rarely used individually,
most applications use the nanostructures as an additive to increase the properties of other
materials. The two commonly used metallic nanoparticles are gold and silver. These
nanoparticles are commonly used in the medical field for their biocompatibility, but they
have useful properties in the field of artificial muscles.

Table 2. Mechanical properties of nanocomponents.

Material Diameter
(nm) Length (nm)

Young’s
Modulus

(GPa)

Tensile
Strength

(GPa)

Thermal
Conductivity

(W/mK)

Electrical
Conductivity

Graphene
[93–97] 0.34 nm — 1000–1300 130 3000–5000 Up to 108 S/m

Single-Wall Carbon
Nanotubes [96,98] 1–2 nm 100–1000 mn 100–1000 22.2 ± 2.2 3000–6000 Up to 107 S/m

Multi-Walled Carbon
Nanotube [98] 5–100 nm Up to 15,000

nm in length 300–1000 11–63 2000–3000 —

Fullerene (C60)
[99,100] 1.1 nm — 1.09 ± 0.08 45 ± 1.5 0.4 —

Gold Nanoparticles
[101–104] 1–100 nm — 79 1.8 318 106 S/m

Silver Nanoparticles
[90,104] 1–100 m — 83 0.14 429 105 S/m

The metallic nanocomponents lack mechanical strength and conductivity compared
to the carbon nanostructures. However, the metallic nanoparticles bring other properties.
The gold nanoparticle is used for its optical properties in artificial muscle applications. The
gold nanoparticle can absorb various wavelengths of light based on the particle size and
shape. The nanoparticle can also bond to the surface, making the material photo responsive.
The other metallic nanoparticle mentioned in the paper, silver, shares the same properties
as gold. Both metallic nanoparticles are conductive, but not to the extent of the carbon
nanostructures. The optical properties allow silver to be used in the same applications as
gold. Both metallic nanoparticles share similar conductivity. The only difference is silver
can intercept slightly higher wavelengths and can be shaped into various sizes altering its
properties. All of these components with their advantages and disadvantages can be seen
in Table 3.
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Table 3. Summary of micro and nano materials and components.

Type of Nano Component Advantages Disadvantages

Graphene [50–63,99,100]

• Mechanically strongest material.
• Great thermal and

electrical conductor.
• Extremely light in weight.
• Stacking strengthens properties.
• Enhances mechanical strength in

composites.
• Enhances conductivity

in composites.
• Flexible.

• Requires more research.
• High-quality graphene is complex

and expensive to create.
• Can be toxic.
• Challenges in mass production.
• Fabrication cost.

Carbon Nanotubes (CNTs) [28,29,62–74]

• Strong to axial stresses.
• Great thermal and electrical

conductor.
• Stacking strengthens properties.
• Enhances mechanical strength

in composites.
• Enhances conductivity

in composites.

• Difficult to fabricate long CNTs.
• Weak to radial stresses.
• Can be toxic.

Fullerene [21,75–83]

• Well researched.
• Insulator.
• Single fullerene is a good conductor.
• Easy production.
• Enhances mechanical strength

in composites.
• Enhances conductivity

in composites.

• Poor conductor in bulk.
• Mechanically weaker compared to

graphene and CNTs.
• Some derivatives of C60 are toxic.
• High molecular weight.

Gold Nanoparticles [102–104]

• Large surface-to-volume ratio.
• Excellent biocompatibility.
• Fluorescence quenching.
• Conductive.
• Exhibits a range of colors in an

aqueous solution.

• Toxicity needs to be studied more.
• Stability in particles.
• Expensive to produce.

Silver Nanoparticles [90,104]

• Can be synthesized into
various shapes.

• Toxicity changes with particle size.
• Large surface area particles

are biocompatible.

• Small surface area particles
are toxic.

• Stability in particles.
• Expensive to produce.

Molecular Motor [2,79,84–88]

• No external power sources
are necessary.

• Fast manufacturing.
• Fast actuation response time.
• Bio-compatible.

• Difficulty in creating instructions for
motor proteins.

• Difficult to monitor and regulate
motor proteins.

• Motion is limited to along the
cytoskeleton path.

5. Popular Forms of Actuating Artificial Muscles

In the field of artificial muscles, one of the premier areas of exploration is how to cause
actuation. Some have followed the blueprint of the function of natural muscles [31,105–108].
They are controlled by some stimulus that causes the artificial muscle to cause a linear
contraction force. Others have deviated and found ways to also push or twist. They range
from the simple pneumatic method to the complex methods of catalytic combustion [109]
and liquid metals [110]. Different methods can provide different features needed for
different applications; no one method fits all.
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5.1. Pneumatics

One form of artificial muscles that has become ever present in the field of biorobotics
is that of pneumatic artificial muscles (PAMs), these are actuators that convert pneumatic
actuation into physical displacement [111]. A PAM consists of an internal elastomeric
bladder which is surrounded by a woven braided shell [112]. As the actuator becomes
pressurized, it experiences a linear change in length, and depending on how the muscle
is constructed it will either contract or extend, no muscle at the moment is possible of
doing both within one PAM assembly [1,112,113]. When actuating pneumatically for the
bladder to become pressurized, it requires a pressure regulator which controls the amount
of inflation used within the actuator assembly [1,113]. Pneumatic actuation is one of the
most popular methods of actuation as it is relatively simple and cheap to create a working
prototype. PAMs generally have a high force-to-weight ratio, desirable inherent compliance,
and have the least associated hazards [65]. One of the major downsides is that in a simple
PAM, the source of air pressure often involves clunky external pumps and valves as well as
the need for a significant power source and tubing attaching the muscle to the equipment.
The majority of recent pneumatic robotics that utilize these PAMs use off-board pressurized
supplies and regulators which tether the robotics to the hardware. While these allow for the
external stimuli to be exerted and controlled, it also limits the range of motion of the robot,
and as a result, become heavier and more complex assemblies [1,114]. When most PAMs
are actuated, they only displace linearly, but recent research is looking into the maximum
force to pressure ratio, the stroke length, and time, lessening the air consumption, and
increasing the efficiency and durability. Due to the nature of a pneumatic style of actuation,
it is required that the air muscles are completely airtight and free of any leaks or breakages,
to ensure maximum performance. The most well-known form of pneumatic muscles is
that of McKibben’s applied pneumatic muscles, these are muscles that use a stretchable
cylindrical rubber chamber that is combined with a stretchable fiber mesh. For multiple
applications, they have successfully been added to artificial muscles to help provide motion
to the assembly. A common way of utilizing McKibben-style muscles is connecting the
two ends of a McKibben muscle to two robotic links that are connected with a pivoted
joint. Once this assembly is pressurized this will contract the muscle and will create rotary
movement of the first robotic link around the joint then move towards the second robotic
link. These McKibben muscles when pressurized in this assembly can contract from 20 to
25% of their initial length, and the overall force that a McKibben muscle can achieve is only
limited by the strength of the fiber mesh used, and the efficiency is affected by counteracting
forces within the inner elastic chamber [111]. The McKibben PAM was created in the 1960s.
It consists of a flexible rubber tube inside a woven fiber, strain-limiting sheath. When the
inner tube is pressurized, the muscle expands radially. The outer sheath is inelastic but can
change shape due to the adjusting of the woven fiber angle. Because of this, the outward
expansion of the muscle causes a linear contraction along the length of the muscle [35,106].
This actuation profile is very similar to biological muscles, which only contract and expand
radially. This action is illustrated in Figure 11.

Many have used the McKibben PAM to drive their novel creations. Chi et al. [35]
utilized an antagonistic bicep–tricep configuration of two McKibben muscles to be used as
a rehabilitation device for the user’s arm. Both PAMs are attached at one end to the upper
arm and at one end to the forearm. With one on the inside of the forearm and one on the
outside, they mimic the action of the biceps and triceps by antagonistically pulling against
each other to adjust the position of your elbow joint. A hybrid soft hand design structured
on tensegrity was actuated by very skinny McKibben PAMs [105]. The rigid structure of
the hand was designed to be impact resistant. The McKibben muscle complements this
as its pneumatic holding forces are also impact-resistant. Peng et al. present a continuum
gripper that is controlled by nine McKibben actuators that are extremely small in width
compared to the size of the actuator they control [106]. The nine muscles’ mass is less
than 0.35 kg. Tests of their 2.6 mm diameter muscle reached approximately 34 N at about
0.55 MPa. They emphasized the lack of error between the calculated position of the tip of
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the actuator and the measured position is less than 7 mm. They also praise its inherent
impact recovery, being capable of recovering its original position with only about 5 mm
error [108]. Arachchige et al. also utilized McKibben-like PAMs in their design [33]. Their
gripper finger design uses an exoskeleton composed of rigid segments that can be connected
together to form a semi-rigid structure, like a spine. Three antagonistically arranged PAMs
are inserted into this length-limiting spine structure. Because of the length-limiting layer,
only bending can occur upon pressurization. This allows more precise control of the
pressures and forces from the PMAs, which in turn means the overall stiffness of the
actuator is better predicted and controlled [33]. Guan et al. utilize McKibben PAMs and
a reverse McKibben PAM where the outer sheath is pre-compressed, meaning extension
happens upon compression [115]. From there, they reinforce the outside of the actuator in
parallel and helical geometries. These reinforcements cause bending and helical motions
from the actuators which were previously only capable of extension and contraction. These
different PAMs can be combined in series in various ways to accomplish a multitude of
motions, similar to an elephant trunk. This is a demonstration of the adaptability and wide
range of mobility of soft muscles [115].
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Figure 11. Simple McKibben PAM actuation sequence. (a) has the inner sleeve shown at rest with
the sleeve and rubber tube holding an inner air tube to feed the air supply into. (b) shows the sleeve
becoming pressurized and showing an expansion of the air and rubber tube as well as the sleeve
expanding in the radial direction (Reprinted with permission from Peng, Y. et al. [106]. Copyright
2019, with permission from Elsevier).

Some even utilized the McKibben PAM as their basis to make improvements on its
functionality. Mirvakili et al. [48] present a novel method of untethered pneumatic actuation
using the McKibben muscle design. Ferromagnetic particles are inductively heated while
in water to produce pressure within the PAM. “By harnessing this significant volumetric
expansion, we could demonstrate strains of up to 20% and work density of 40 kJ/m3

with our magnetically induced thermal PAM” [48]. They also achieved an even simpler
design where the PAM was actuated using just two Li-ion batteries. This design utilized an
engineered liquid instead of water with a 61 ◦C boiling point. The metal particles are heated
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using a high frequency, alternating magnetic field [48]. Naclerio and Hawkes developed a
muscle that actuates like a McKibben muscle except there are not two layers. It is simply
the inextensible outer fabric that is well sealed with flexible adhesive [107]. This reduces
any frictional losses and makes the unpressurized state very foldable. It has less than 1%
hysteresis, and an actuation time of 0.03 s even at 60 cm. For a 25 cm fPAM, at 137 kPa of
pressure, the actuator clocked 120 N of pulling force at its near-zero strain, running nearly
linearly to a max contraction strain of around 30% [107].

Due to the amount of time that McKibben muscles have been around as well as their
popularity, they are being focused on for the development of modeling and sensing for in-
creased prediction, feedback, and control of their behavior [116–118]. There have also been
developments in the computerization of McKibben-driven device design. Maloisel et al.
developed a computer modeling and analysis process that can route the PAMs through a
soft silicone body based on your input on how it needs to deform. The computer can then
also generate the necessary molds [119].

The McKibben muscle is not the only form of pneumatic artificial muscle. Abrar
et al. created a pneumatically driven artificial muscle that utilizes the principle of eversion
(EPAM) [111]. In this method, a pneumatic bladder has the tip folded down into itself.
When the chamber is pressurized with air, this fold is rolled back out as the bladder returns
to full extension. They harnessed this phenomenon to be utilized as a pulling force by
attaching a “tendon” to the tip of the bladder on the inside of it. This tendon extends down
and out of the bottom of the bladder. When the bladder is pressurized and the tip extends
upwards, it pulls the tendon up with it as well. Attaching the tendon to something allows
the EPAM to exert a pulling force on whatever the tendon is attached to. To demonstrate,
they used a pair of antagonistic EPAMs in a bio-inspired bicep–tricep configuration. Their
model weighed only 10 g and went from 125 mm long while folded to 250 mm long when
pressurized. This model could lift 10 N by itself [111]. Elsamanty et al. [4] simulated and
modeled a dynamic artificial muscle that could extend, contract, and bend in any direction.
Their simulated model used three parallel pneumatic actuators. Individually, the actuators
are positioned to bend towards the center of the structure. Actuating them in different
combinations produces bending movements of the entire device [4]. Wang et al. arranged
pneumatic muscles in a parallel matrix so that the overall matrix exhibits passive flexibility,
resembling the true structure of human muscles which depend on flexible connective
tissue [108]. Several different types of contractile units with varying mechanical properties
are arranged into one single unit to more accurately mimic biological muscles. Hence,
it is named the highly mimetic skeletal muscle. The idea is that these different internal
contraction components can be combined in various combinations and arrangements to
control the action of the entire muscle as a whole, just like how natural muscles are made
of many fibers [108].

Another branch of pneumatic actuation utilizes similar actuator materials and designs,
however, instead of being pressurized, the muscles experience a vacuum force. The simplest
forms consist of origami-inspired shapes with a hollow interior made out of an elastomer.
When a vacuum is applied to the inner chamber, the actuator twists and collapses upon
itself. This action can be harnessed for its contraction force, its torque, or both depending
on how it is affixed. They have the advantage of decreasing in volume upon actuation as
opposed to positive-pressure models that increase in size. They can have some issues of the
recovery process taking noticeably longer than the actuation when they are made on a larger
scale. The only similarity they share to biological muscles is the purely contractive force.
Jiao et al. utilized vacuum-deformable soft building blocks [13]. Their twisting-contracting
actuator takes 0.27 s to deform and 0.62 s to return to normal, while the twisting-bending
actuator takes 0.25 s and 0.55 s, respectively. You can see the geometry of these actuators
in Figure 12. They used these two simple designs to assemble several different soft robots
for different tasks [13]. Another study into collapsing-twisting muscles states, “The results
show that the increasing height and relative rotation angle can obtain a greater torsion
angle. The output torque can be also enhanced by increasing the relative rotation angle.”
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The relative rotation angle is the difference in degrees between the orientation of the top
face and that of the bottom face of the actuator [120].

Actuators 2022, 11, x FOR PEER REVIEW 31 of 57 
 

 

 
Figure 12. Origami-inspired vacuum actuator. Found in source [13]. (a,b) illustrate the origami 
inspiration for the vacuum actuators. (c,d) show the dimensions of the actuator. (e) shows the spe-
cial change in design for the bending actuator. (f) illustrates the focal point of the buckling action, 
the blue arrows point toward the direction of the movement towards the focal point. (g,h) show 
the working action of the twisting-contracting and twisting-bending actuators, respectively (Re-
printed with permission from Jiao, Z., et al. [13]. Copyright 2019, CC BY 4.0 International). 

Joe et al. developed a vacuum-driven, ultralight hybrid PAM [121]. It consists of a 
series of parallel plastic rings with cylindrical pieces of open-cell foam between them. This 
structure is surrounded by a thin elastomer layer. The resulting product resembles a spine. 
They sought to address the buckling fragility of elastomer-based bellows PAMs. They 
achieved a 62% increase in axial stiffness with their device as compared to the same device 
without the foam or plastic rings. They achieved a 90% contraction time of 0.5 s. Mean-
while, it experienced a recovery time of 3.8 s. It can pull 6.8 N axially, which is 34.5 times 
its own weight of 20 g. It achieved a max blocking force of 32.7 N [121]. 

Another subdivision of the field of PAMs is the development of PAMs that have a 
noticeably small form factor in one of their dimensions. They are often referred to as “flat” 
PAMs (fPAMs) and are often developed with the application of wearable artificial muscles 
in mind. Their form factor makes them much more convenient for attaching to the human 
body than a basic PAM. Kim et al. [122] developed a flat fabric PAM with “high compact-
ness, rapid response, and low hysteresis error.” It is able to exert a maximum force of 118 
N at 172 kPa of pressure. It experiences a contraction ratio of 23.84%. The actuator weighs 
only 34.8 g. It has a reaction time of 0.03 s and recovery of 0.15 s. It is made of an inelastic 
ripstop fabric with a silicone-sealed inner bladder. It is a series of wide sections in a row 
that contract perpendicular to their wide dimension. It achieved an 11 mm depth profile, 
making it one of the best options in the field of wearable tech as this is much smaller than 
other types of PAMs [114]. Xie et al. [123] created a flat, modular PAM that has no defor-
mation in the thickness direction during pressurization. It deforms in the transverse and 
longitudinal dimensions, yielding significant actuation. “This design combines the ad-
vantage of fast time response of positive-pressure pneumatic artificial muscles (PAMs) 
and the features of good flexibility of negative-pressure ones. Additionally, the design 
avoids the disadvantages of relatively large thickness or radical expansion of positive-
pressure PAMs [123]”. 

When the main advantage of the fPAM is its ergonomic form factor, the question of 
how to equip them with sensors that are not cumbersome becomes even more critical. 
Wirekoh et al. [124] designed a flat PAM with embedded sensory capabilities to address 

Figure 12. Origami-inspired vacuum actuator. Found in source [13]. (a,b) illustrate the origami
inspiration for the vacuum actuators. (c,d) show the dimensions of the actuator. (e) shows the special
change in design for the bending actuator. (f) illustrates the focal point of the buckling action, the
blue arrows point toward the direction of the movement towards the focal point. (g,h) show the
working action of the twisting-contracting and twisting-bending actuators, respectively (Reprinted
with permission from Jiao, Z., et al. [13]. Copyright 2019, CC BY 4.0 International).

Joe et al. developed a vacuum-driven, ultralight hybrid PAM [121]. It consists of
a series of parallel plastic rings with cylindrical pieces of open-cell foam between them.
This structure is surrounded by a thin elastomer layer. The resulting product resembles
a spine. They sought to address the buckling fragility of elastomer-based bellows PAMs.
They achieved a 62% increase in axial stiffness with their device as compared to the same
device without the foam or plastic rings. They achieved a 90% contraction time of 0.5 s.
Meanwhile, it experienced a recovery time of 3.8 s. It can pull 6.8 N axially, which is
34.5 times its own weight of 20 g. It achieved a max blocking force of 32.7 N [121].

Another subdivision of the field of PAMs is the development of PAMs that have a
noticeably small form factor in one of their dimensions. They are often referred to as
“flat” PAMs (fPAMs) and are often developed with the application of wearable artificial
muscles in mind. Their form factor makes them much more convenient for attaching to the
human body than a basic PAM. Kim et al. [122] developed a flat fabric PAM with “high
compactness, rapid response, and low hysteresis error.” It is able to exert a maximum
force of 118 N at 172 kPa of pressure. It experiences a contraction ratio of 23.84%. The
actuator weighs only 34.8 g. It has a reaction time of 0.03 s and recovery of 0.15 s. It is
made of an inelastic ripstop fabric with a silicone-sealed inner bladder. It is a series of
wide sections in a row that contract perpendicular to their wide dimension. It achieved
an 11 mm depth profile, making it one of the best options in the field of wearable tech as
this is much smaller than other types of PAMs [114]. Xie et al. [123] created a flat, modular
PAM that has no deformation in the thickness direction during pressurization. It deforms
in the transverse and longitudinal dimensions, yielding significant actuation. “This design
combines the advantage of fast time response of positive-pressure pneumatic artificial
muscles (PAMs) and the features of good flexibility of negative-pressure ones. Additionally,
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the design avoids the disadvantages of relatively large thickness or radical expansion of
positive-pressure PAMs [123]”.

When the main advantage of the fPAM is its ergonomic form factor, the question of
how to equip them with sensors that are not cumbersome becomes even more critical.
Wirekoh et al. [124] designed a flat PAM with embedded sensory capabilities to address
this issue. It includes microchannels of eutectic gallium-indium, a liquid metal used for
electrical sensing. The PAMs reached about 24 N max force and 20% unloaded strain at
89.7 kPa [124]. Another paper built their flat fabric PAMs out of EeonTexTM LTT-SLPA, a
fabric that is 72% nylon and 28% spandex. It is given a coating that makes it conductive
and can thus be used to make measurements of its position [125].

A paper by Xie et al. takes a novel route for designing a wearable PAM [126]. They
designed a winding PAM that does not exert pressure on its surroundings. It consists
of several parallel elastomer tubes being wound into a matrix by wires perpendicular
to the tubes. Upon inflation and expansion of the tubes, the length of the muscle in the
wire direction decreases. See Figure 13 below for a diagram of the process. It achieves a
contraction ratio of around 36% and a maximum output force of 12.24 N, all while being
only 5 mm thick. One downside is that the friction of the tubes on the wires causes some
issues with hysteresis. It is uniquely equipped for use in wearable soft robotics as the
wire side can go towards the person, resulting in the tubes expanding away from the user,
avoiding pressures experienced on the user [126].
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Figure 13. Novel winding artificial muscle driven by pneumatic silicone tubes, (a) shows the tubes
at rest in a layout comprised of multiple silicone tubes with the wires sat within the grooves of the
tubes. (b) shows the pressurized pneumatic assembly actuating causing the tubes to contract closer
to one another (Reprinted with permission from Xie, D. et al. [126]). 2021, CC BY 4.0 International.)

Another form of pneumatic actuated artificial muscles is those in series orientation
(SPAMs), these are comprised of multiple polyethylene tubes that are segmented by O-rings
which as a result create different chambers. The tubes are inflated which elongates the
segments as a result this can allow for soft bending structures by combining multiple
inflatable segments. Unlike the application and implementation of normal PAMs, these
SPAMs are challenging due to the multiple tubes that comprise the different segments.
Though as an alternative, there is another means of pneumatic actuation, which is called
inverse pneumatic artificial muscles (IPAMs). These are muscles that use an elastic latex



Actuators 2022, 11, 168 32 of 56

tube that is reinforced by a helical fiber structure, this latex is stretchable and will allow
for the tube to extend and store energy when pressurized [111]. The outside fiber that
is wrapped around the muscle restricts expansion in the radial direction, as a result, the
use of the elastic materials for these tubes leads to a nonlinear stress–strain curve and
complicates controls as a result [1]. Unlike the previous two types of pneumatic actuation,
the antagonistic pneumatic artificial muscles (APAMs), use both internal and external
chambers to achieve an antagonistic behavior. Most actuators can be paired with an
actuator that is the same type to help produce antagonistic behavior similar to the APAM,
yet the APAM actuators create this antagonistic behavior within its single actuator structure.
However, both APAM and other paired types of paired pneumatic actuators all need to
have air and a vacuum pump to achieve this behavior [35,111].

One current way that is currently being worked to actuate pneumatic artificial muscles
is eversive pneumatic artificial muscles (EPAMs) which is a fabric-based pneumatic actuator
that when pressurized the muscle increases its length due to its eversion of the inwardly
folded fabric [111]. The proposed benefits of this means of actuation are that the fabric
structure will lend itself to high compliance and allows for suitability for human–robot
interactions, which are commonly referred to as cooperative robots (Co-Bots) [4,33,111].
It can operate safely with low pressure of up to 83 KPa, and the muscle can elongate
multiple times beyond its folded unpressurized state, which can outperform standard
pneumatic muscles. When compared to things like the McKibben muscles, the EPAMs
have a force-to-pressure ratio of 100% extension, while the McKibben has about 20–25%
contraction, and on top of that, it has a large strength-to-weight ratio [111]. The stiffness for
this EPAM directly functions from the applied pressure and attached load, as a result, the
stiffness can be controlled, and the joint assembly the EPAM has can reach is quite similar
to an angle that a human arm can flex to [2,111].

Although all of the previous PAMs discussed all displace linearly, not all PAMs all try
to displace in a bending motion as discussed in [112], they have proposed a novel form
of pneumatic muscle that is based on the McKibben muscle but can bend when actuated
instead of linearly. They suggest that this proposed extensor bending pneumatic artificial
muscle (EBPAM), is incorporated into a soft exoskeleton suit that would envelop the user
such that it is similar to an article of clothing [112]. When actuated, the suit will become
deformed which would apply a force to the user’s limbs that would cause their joints
to flex [2,112,113]. These EBPAMs are reinforced along one side to keep one side of the
actuator at some fixed length, this means that when the muscle is pressurized that the
new actuator does not extend linearly in its displacement, but instead will bend [112,113].
A prototype has been made by the authors of [112], who have called it M1, which when
produced consisted of a rubber bladder with a resting length of 160 mm and had a diameter
of 10 mm. This was then encased by a braided nylon sleeve whose length was double of
the rubber bladder and had a minimum diameter of 8 mm, and a maximum of 18 mm. This
muscle had two 3D printed terminals at either end, which had one closed and the other
containing a small hole for the supply of pressurized air. The rubber and braid had been
secured to these terminals using cable ties and the resulting actuator had been measured
resting at a diameter of 18 mm, which as previously stated was the maximum diameter
of the braided nylon sleeve. To illustrate the character of the EBPAM relative to supplied
pressure, during an operation an axially compressive force was produced at the end of the
actuator. The result of this behavior of extending the EBPAM like a normal PAM is shown
in Figure 14. When they reinforced one side of the PAM using a fixed length with a 500 N
breaking strength, as shown in Figure 15, it converted the McKibben-based PAM into an
EBPAM [112].



Actuators 2022, 11, 168 33 of 56

Actuators 2022, 11, x FOR PEER REVIEW 33 of 57 
 

 

APAM actuators create this antagonistic behavior within its single actuator structure. 
However, both APAM and other paired types of paired pneumatic actuators all need to 
have air and a vacuum pump to achieve this behavior [35,111]. 

One current way that is currently being worked to actuate pneumatic artificial mus-
cles is eversive pneumatic artificial muscles (EPAMs) which is a fabric-based pneumatic 
actuator that when pressurized the muscle increases its length due to its eversion of the 
inwardly folded fabric [111]. The proposed benefits of this means of actuation are that the 
fabric structure will lend itself to high compliance and allows for suitability for human–
robot interactions, which are commonly referred to as cooperative robots (Co-Bots) 
[4,33,111]. It can operate safely with low pressure of up to 83 KPa, and the muscle can 
elongate multiple times beyond its folded unpressurized state, which can outperform 
standard pneumatic muscles. When compared to things like the McKibben muscles, the 
EPAMs have a force-to-pressure ratio of 100% extension, while the McKibben has about 
20–25% contraction, and on top of that, it has a large strength-to-weight ratio [111]. The 
stiffness for this EPAM directly functions from the applied pressure and attached load, as 
a result, the stiffness can be controlled, and the joint assembly the EPAM has can reach is 
quite similar to an angle that a human arm can flex to [2,111]. 

Although all of the previous PAMs discussed all displace linearly, not all PAMs all 
try to displace in a bending motion as discussed in [112], they have proposed a novel form 
of pneumatic muscle that is based on the McKibben muscle but can bend when actuated 
instead of linearly. They suggest that this proposed extensor bending pneumatic artificial 
muscle (EBPAM), is incorporated into a soft exoskeleton suit that would envelop the user 
such that it is similar to an article of clothing [112]. When actuated, the suit will become 
deformed which would apply a force to the user’s limbs that would cause their joints to 
flex [2,112,113]. These EBPAMs are reinforced along one side to keep one side of the actu-
ator at some fixed length, this means that when the muscle is pressurized that the new 
actuator does not extend linearly in its displacement, but instead will bend [112,113]. A 
prototype has been made by the authors of [112], who have called it M1, which when 
produced consisted of a rubber bladder with a resting length of 160 mm and had a diam-
eter of 10 mm. This was then encased by a braided nylon sleeve whose length was double 
of the rubber bladder and had a minimum diameter of 8 mm, and a maximum of 18 mm. 
This muscle had two 3D printed terminals at either end, which had one closed and the 
other containing a small hole for the supply of pressurized air. The rubber and braid had 
been secured to these terminals using cable ties and the resulting actuator had been meas-
ured resting at a diameter of 18 mm, which as previously stated was the maximum diam-
eter of the braided nylon sleeve. To illustrate the character of the EBPAM relative to sup-
plied pressure, during an operation an axially compressive force was produced at the end 
of the actuator. The result of this behavior of extending the EBPAM like a normal PAM is 
shown in Figure 14. When they reinforced one side of the PAM using a fixed length with 
a 500 N breaking strength, as shown in Figure 15, it converted the McKibben-based PAM 
into an EBPAM [112]. 

 
Figure 14. PAMs with different pressures, where L0 is the muscle length without being pressurized,
Ln is the muscle length under pressure, and4L is the increase in length (Reprinted with permission
from Al-Fahaam, H. et al. [112]. Copyright (2018), with permission from Elsevier).

Actuators 2022, 11, x FOR PEER REVIEW 34 of 57 
 

 

Figure 14. PAMs with different pressures, where 𝐿𝐿0 is the muscle length without being pressur-
ized, 𝐿𝐿𝑛𝑛 is the muscle length under pressure, and △ 𝐿𝐿 is the increase in length (Reprinted with 
permission from Al-Fahaam, H. et al. [112]. Copyright (2018), with permission from Elsevier). 

 
Figure 15. EBPAM pressurized under different amounts of pressure; increasing from top-left to 
bottom-right (Reprinted with permission from Al-Fahaam, H., et al. [112]. Copyright (2018), with 
permission from Elsevier). 

5.2. Hydraulics 
A close relative to pneumatic actuation is hydraulic actuation. Like pneumatics, hy-

draulic actuation involves the insertion of pressurized fluid into cavities within the actu-
ator. The main difference is that hydraulics use water or some other liquid whereas pneu-
matics use air. Hydraulic actuators have a faster response time, higher efficiency, a more 
linear response, and greater power capabilities than pneumatic actuators. Feng et al. [34] 
utilize a hydraulic McKibben muscle in their study. The use of hydraulics provides greater 
shock load and unload stability, as well as greater pressure capacity and force exertion. 
This configuration is important to the safety of the operation of the actuator. The behavior 
of the actuator is less erratic during dynamic loading and thus is more predictable. Pre-
dictability greatly enhances how safe it is for a human to be near it in operation. Unfortu-
nately, issues with the impedance control and some components caused a lower accuracy 
than they had hoped for [34]. Sy et al. [127] utilize hydraulically driven soft artificial mus-
cles in their work. They have a highly linear response. The authors described their muscle 
as “… highly flexible, lightweight, scalable, and highly compliant, potentially suitable for 
wearable soft robotic devices to provide highly distributed force while conforming to the 
complex human anatomy [127]”. They utilize them to design an assistance sleeve for el-
bow movement. The 6.5 mm diameter SAMs experience low hysteresis. It is constructed 
of a flexible inner tube inside a stainless-steel helical coil. When the muscle is pressurized, 
it extends, and contracts when depressurized. It produced a force of around 22 N. It suc-
cessfully reduced the workload of the subject’s muscles when lifting 1.8 kg. Thai et al. 
created soft microtubule artificial muscles which are low-cost and scalable [88]. They are 
hydraulically driven. It is constructed of a hollow silicone microtube and a hollow micro-
coil. It is scalable from 0.84 mm OD to 6.35 mm OD. It functions similarly to the one Sy’s 
[127] team created. It generated a force of up to 1.5 N with an OD of 1.45 mm. The low 
hysteresis and precision of hydraulics make it well suited for medical purposes. It 
weighed 0.28 g and can lift 50 g, 178 times its own mass [112]. 

5.3. Twisted Fibers 
Deviating from the previous actuators which largely comprise deformable materials 

with fluid chambers is the class of artificial muscles called twisted fiber muscles or twisted 

Figure 15. EBPAM pressurized under different amounts of pressure; increasing from top-left to
bottom-right (Reprinted with permission from Al-Fahaam, H., et al. [112]. Copyright (2018), with
permission from Elsevier).

5.2. Hydraulics

A close relative to pneumatic actuation is hydraulic actuation. Like pneumatics, hy-
draulic actuation involves the insertion of pressurized fluid into cavities within the actuator.
The main difference is that hydraulics use water or some other liquid whereas pneumatics
use air. Hydraulic actuators have a faster response time, higher efficiency, a more linear
response, and greater power capabilities than pneumatic actuators. Feng et al. [34] utilize a
hydraulic McKibben muscle in their study. The use of hydraulics provides greater shock
load and unload stability, as well as greater pressure capacity and force exertion. This
configuration is important to the safety of the operation of the actuator. The behavior of the
actuator is less erratic during dynamic loading and thus is more predictable. Predictability
greatly enhances how safe it is for a human to be near it in operation. Unfortunately, issues
with the impedance control and some components caused a lower accuracy than they had
hoped for [34]. Sy et al. [127] utilize hydraulically driven soft artificial muscles in their work.
They have a highly linear response. The authors described their muscle as “ . . . highly
flexible, lightweight, scalable, and highly compliant, potentially suitable for wearable soft
robotic devices to provide highly distributed force while conforming to the complex human
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anatomy [127]”. They utilize them to design an assistance sleeve for elbow movement. The
6.5 mm diameter SAMs experience low hysteresis. It is constructed of a flexible inner tube
inside a stainless-steel helical coil. When the muscle is pressurized, it extends, and con-
tracts when depressurized. It produced a force of around 22 N. It successfully reduced the
workload of the subject’s muscles when lifting 1.8 kg. Thai et al. created soft microtubule
artificial muscles which are low-cost and scalable [88]. They are hydraulically driven. It
is constructed of a hollow silicone microtube and a hollow micro-coil. It is scalable from
0.84 mm OD to 6.35 mm OD. It functions similarly to the one Sy’s [127] team created. It
generated a force of up to 1.5 N with an OD of 1.45 mm. The low hysteresis and precision
of hydraulics make it well suited for medical purposes. It weighed 0.28 g and can lift 50 g,
178 times its own mass [112].

5.3. Twisted Fibers

Deviating from the previous actuators which largely comprise deformable materials
with fluid chambers is the class of artificial muscles called twisted fiber muscles or twisted
coiled actuators. They are simply bundles of fibers or yarns that are given a pre-twist and
sometimes coil. They are also sometimes wrapped or dipped in an external sheath. Plain
fibers with no twist generally experience some contraction strain upon volume expansion.
Recently it was discovered that inserting a twist into the fibers further amplifies this
contraction strain when the ends are fixed rotationally. Since then, the field of twisted fiber
artificial muscles (TFAMs) has been developing more and more. They can be actuated
thermally, with humidity, via light, electrically, and via pH, to name a few [128]. Their
major advantages are that they can be made from a wide variety of materials, they are
easier to scale down, and they have a multitude of actuation options. They are similar to
biological muscles in their contraction-based force. They are also similar as one coil is made
up of many fibers, just as one real muscle is made of many muscle fibers.

One of the more common methods of actuation is thermal actuation. Twisted and
coiled fibers expand under increased heat, causing the contraction and torque an example
of this can be seen in Figure 16. Aziz et al. [29] used thermally actuated coiled and wrapped
fiber-based muscles in their study. The method of heat delivery was through microwave
radiation. The presence of carbon nanotubes (CNT) in the coils serves as the main receptor
of the microwaves and helps to heat the entire coil from the microwaves. When the
temperature was raised from 25◦ to 100 ◦C via microwaves, the highly drawn CNT/nylon
6 fibers experienced a reversible retraction strain of 9.1% at a rate of 0.8%/s. It experienced
maximum dynamic stress of 2.43 MPa. It is scalable and fast for the class of actuator it
is in, and it has the potential to be completely remote [29]. Another method of thermal
energy delivery is via hot air that is delivered through tubes that the muscle fibers are run
through [11]. Li et al. found success in actuating their miniature-scale medical devices
using a radio frequency magnetic field [129]. Magnetic nanoparticles were embedded in
the coiled muscles that heated up upon exposure to the externally generated RF field. Their
coiled fiber was around 1 mm in diameter while coiled. It produced an actuation strain of
30.6% with a 1.3 N force. It could pull up to 12.6 N with an actuation strain of 1% [129].
Conductive materials can be twisted into the muscle and have a current directly applied to
them as a means of heating the muscle as well [120].

In TFAMs, as in any other category of artificial muscle, sensing becomes just as
important as actuation. One method is to attach a soft, proprioceptive sensor. It includes
a microfluidic channel in it that runs the length of the muscle. The resistance along this
channel changes as the strain changes, providing an easy, low hysteresis method for
providing position feedback to a control system [130]. Another recent method is coating a
rubber TFAM with a buckled CNT sheet. The CNT’s contact surface area with the rubber
increases upon actuation, causing a resistance decrease. This value can be read and utilized
in a feedback loop for muscle control [39].
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TFAMs are produced simply by applying a twist to a set of fibers. It is then fixed
rotationally at both ends to prevent untwisting. The fibers can also be twisted to the point
of plastic deformation, at which point they will retain some of their twist when released.
The material that the yarns are made of is what affects the stimuli they will respond to.
CNTs have been found to be very useful in the field of TFAMs, but they are very expensive.
Mu et al. [28] developed a solution to this that they call sheath-run artificial muscles
(SRAMs). In SRAMs, a plain central yarn is encased in a polymer coating. The dimensional
and modulus changes of the polymer sheath are the source of actuation, while the yarn
provides the twist. This way, the twisted fiber can be something cheap and abundant
while still providing the needed twisting action. Their particular fiber muscle was actuated
by ethanol vapors [28]. This process still has its flaws, as highly helical fibers need to be
thermoset to retain their twist, making it difficult to utilize certain materials that have
their properties changed by heat. Sim et al. found a solution to this with a self-coiling
method of producing a sheath-run twisted fiber muscle [131]. A sheathed fiber is produced
that is self-helical due to the equilibrium between the untwisting of the core fiber and the
recovery force of the hydrogel sheath. The twisted fiber muscle is driven by its interaction
with glucose. Their fibers are actuated by a reversible interaction between phenylboronic
acid and glucose interacting with the phenylboronic acid in the hydrogel sheath, and
such interaction causes the neutral phenylboronic acid to be charged, which increases the
hydrophilicity of the hydrogel’s network, leading to swelling by water absorption [131].
Another development has been the ability to produce twisted coiled actuators (TCAs) that
can deliver 48% contraction without preloading of the fibers, allowing for less restricted
motions than preloaded TCAs [132]. A different study developed a method to produce self-
healing TFAMs that have their self-healing activated by the same electrothermal stimulus
that actuates the fibers. The fibers are produced with a silicone guest, which can experience
a dynamic disulfide metathesis, in which similar or dissimilar silicone elastomers form new
bonds and self-heal when heat is applied [27].

5.4. Shape Memory Polymers and Alloys

Of the materials that comprise soft materials, some of the most beneficial to artificial
muscles are polymer materials, as they have the advantages of being easy to prepare, they
are a cheap option, highly elastic, and are superior at large deformation due to their self-
healing [9,133]. Shape memory polymers (SMPs) use these attributes to allow for responsive,
highly extensible, high-power dense actuation with a low power requirement [8,9]. They
can be easily controlled as well as used for many diverse uses, such as can be heated,
and light activated in artificial muscle applications. These are metals that return to their
“memorized” shape after being exposed to heat. Their usual disadvantages are their
hysteresis and their cycle speed. One thing to note about SMPs is that they must have
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external stimuli to use as a source for actuation, but as their sources are so broad, from
electrical to thermal, their actuation is quite flexible in many given situations. A standard
SMP consists of a dual segmented system, the first of which is highly elastic and can be in
molecular entanglement, in a crystalline phase, and can be chemically cross linked. The
other part is a reversible area that decides the temporary shape that is so useful from
SMPs and reduces its stiffness upon the specific stimulus supplied. The stimulus is usually
related somehow to crystallization or melting transition, and upon triggering that transition
through heat transition the strain’s energy that was stored in the temporary shape will
be released which will allow for the shape to form back to its original shape. So, the
process goes as follows; when exposed to an external force the SMP will deform, and when
exposed to a transition temperature this will reform the original shape of the SMP, but
when deformed and kept below the transition temperature the SMP will stay deformed for
an extended amount of time. This is one of the most desirable attributes of SMPs, as they
allow for a high level of customization when dealing with incredibly specific applications.
When it is no longer needed to be in that temporary shape, the transition temperature is
increased to allow for the strain energy to release from the reversible segment of the SMP
to allow for the part to go back to its original shape [9]. The issue that remains due to
this inherent self-healing capability for SMPs is that over time these develop micro-cracks,
and those cracks can widen after heavy use. There are currently attempts at minimizing
these issues by creating SMPs capable of enduring and operating with wider cracks to
save many SMP-users money and increase the overall life of these products [133]. These
actuators are not inherently inspired by biological muscles but are compliant like biological
muscles. Jeong et al. utilized these lightweight, quiet actuators to create an elbow and wrist
rehabilitation device [134]. The actuators by themselves only weigh 0.54 kg and the entire
device weighs less than 1 kg. The elbow movement actuators utilize only four SMA wires
in one bundle to exert a nominal force of approximately 140 N [134]. Yang et al. used SMA
actuation in their soft robotic “beetle” of microscopic scale [109]. It weighs only 183 mg with
a full tank of fuel. It is entirely untethered because it is actuated by a catalytic combustion
reaction of ethanol and platinum. The platinum is a coating on a NiTi shape memory
alloy wire, and when the wire is exposed to heat due to the combustion, it contracts. It
returns to its original size when the fuel is cut off. It includes a control strategy that is
entirely onboard and entirely mechanical [109]. Other forms of SMPs use semicrystalline
materials such as polyethylene-co-vinyl acetate (PEVA), these are dynamically bonded
covalently polymer networks. The linkages within the cross-linked structure of PEVA act
as the dynamic covalent bonds when in the presence of a transesterification catalyst. When
this dynamic covalent bonded network has been put into this assembly, the material should
have good thermal plasticity when in a non-flow state at higher temperatures [135].

5.5. Electroactive Soft Materials

When compared to SMPs, dielectric elastomer actuators (DEAs) are more sensitive
to electrical stimuli, as they can be deformed in response to an applied electric field. They
typically exert low output forces for the low energy input, but high input voltage which they
require for actuation. Single film DEAs are composed of materials such as carbon nanotubes
(CNTs), as a result, these DEAs are mostly thin, as they minimize actuation voltage; this
results in small force outputs and limits its applications [27,136]. It is recommended for
more rigorous applications that stacking multiple layers will help with the low output
force of common single film DEAs. When using multilayer DEAS, it is sometimes useful
to allow for stiffened strain elastomers to be used in the configuration of the multilayered
DEA, but when multilayered DEAs are used for artificial applications, the rigidity of these
stiffened elastomers is not needed as it naturally lends itself to allow for basic contraction
and expansion similar to a normal muscle. One benefit of DEAs to SMPS is that they can
be used as linear actuators to help measure mechanical deformation and help to quantify
things such as physical and electrical properties like energy density [136].
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One example is conducting polymers. During oxidation and reduction, conducting
polymers change their volume. Mazar et al. used a chemical reaction involving glucose
to remotely power a conducting polymer artificial muscle made of polypyrrole [137]. By
sandwiching a flexible membrane between two layers of conducting polymers, you can
cause it to bend by applying a potential difference between either side [137]. Another
electroactive soft material is seen in the liquid metal artificial muscle [138]. It uses the
electrochemically tunable interfacial tension of the liquid metal as the driving actuation
force. It utilizes liquid metals based on gallium, which is liquid at room temperature,
nontoxic, and has very little vapor pressure, making it safe to handle. It has a large
interfacial tension that can be brought to nearly zero with an oxidative electrical potential.
This serves as the point where electrical energy can be converted to mechanical energy.
The working concept of utilizing this property as an actuator involves sandwiching beads
of the liquid metal between copper pads. These beads flatten out upon an increase in
potential (contracted state) and form up into a bead with relative height when the potential
is removed. They can be arranged in series for greater travel distances. The individual
beads can also be controlled for omnidirectional control [138]. From their study of the
liquid metal artificial muscle (LMAM), Shu et al. found, “The LMAM can work in different
solutions with a wide range of pH (0–14), generating actuation strains of up to 87% at
a maximum extension speed of 15 mm/s. More importantly, the LMAM only needs a
very low driving voltage of 0.5 V [110].” LMAMs are similar to biological muscles in that
one bead does not provide very impressive actuation, just as one muscle fiber does not,
however, when arranged and combined in numbers, they can produce significant actuation.

5.6. Liquid Crystal Elastomers

Entering the more complex side of artificial muscles, liquid crystal elastomers have
shown promise in their use as an actuation system. As Liu et al. explain, “Liquid-crystal
elastomers (LCEs) are a combination of liquid-crystal molecules and flexible polymer chains
that exhibit a fast and reversible response in the form of large actuating stresses and obvious
shrinkage deformation, typically activated by thermal stimuli” [139]. They utilized a liquid
crystal elastomer sheet laminated onto a flexible electrothermal film. At only 6.5 V, they
reached a saturated temperature of 189 ◦C at a rate of 21 ◦C/s. Their electrothermal film is
the improved part of their system. It is made from multi-walled CNTs and silver nanowires.
This film is flexible and only 1/3 the thickness of the LCE. By controlling the voltage of the
film, you control its temperature and thus the reversible deformation of the LCE [139]. A
combination of three of their LCEs is depicted in Figure 17. This system relies on passive
cooling for recovery action. A paper by He et al. describes an LCE system that utilizes
internal fluidic channels for thermal control via hot or cold water in the channels [18]. This
enables active cooling, allowing them to achieve actuation at one of the highest rates known
for this type at 0.2 Hz. They found that a higher flow rate of the water increased the speed
of actuation and recovery of the muscle. When experiencing temperature change from
40 to 95 ◦C, the muscle experienced actuation strain from 7% to 40%. It increased from a
stress of 0.1 MPa to 0.4 MPa [18].

5.7. Miscellaneous Developments

There have also been some recent developments in actuation that are less widely
used but still of note. Thermoresponsive polymers behave very similarly to other types
of thermal muscles. They experience linear actuation in response to heat. One team
incorporated this into nanoscale actuators that can assemble micro-scale devices in situ
for medical and other uses. A multifunctional nano actuator made of thermoresponsive
polymer has a gold rod at its core coated with platinum and nickel. It is then heated
by electromagnetic radiation in order to assemble a micro-actuator that is actuated by
near-infrared spectroscopy. It is also possible to actuate via the RF field [128]. The biomass
lignin was used as an additive to a thermally actuated artificial muscle, causing it to have
self-strengthening capabilities. The resulting device gets stronger with use just like a human
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muscle. They were able to both electrically and thermally actuate it to produce a strain of
41%. It reached 1.5 MPa of stress at 90 ◦C. It can lift over 10,000 times its own weight [140].
Won et al. performed a study regarding the ability of artificial muscles to be transparent
or camouflaged [141]. Many of the actuation methods discussed in this section involve
energy transmission that is not visible to the naked human eye, enabling nearly transparent
artificial muscles [141]. Pulling away from advanced technologies like these, one team even
designed a musculoskeletal robotic arm that utilizes simple cables being pulled or let out
by small electric motors as the artificial muscle. There is less inherent compliance in this
structure, but it lacks any hysteresis concerns and has high cyclic fatigue resilience [142].
Others have utilized more conventional hardware for muscular systems as well [101]. All
of these actuation methods with their advantages and disadvantages can be seen in Table 4.

Table 4. Summary of each actuation category’s advantages and disadvantages.

Actuation Method Advantages Disadvantages

Pneumatic
[1,2,4,13,33,35,48,65,105–108,111–126]

• Well explored and developed.
• Simple working concept.
• High force-to-weight ratio.
• Inherent compliance.
• Few hazards at

reasonable pressures.

• An inconvenient pump, valves, and
tubing are needed.

• Dynamic loading instability.
• Nonlinear strain hysteresis makes

sensing a challenge.
• Must maintain airtightness.

Vacuum [61,121,143]
• Reduce in size upon actuation.
• Can provide both torque

and contraction.

• Noticeably longer recovery time on
a larger scale.

• Must maintain airtightness.

Hydraulic [34,88,128]

• Fast response time.
• Higher efficiency.
• Linear response.
• High power capabilities.
• Stable against dynamic load.

• System impedance issues can cause
lesser accuracy.

• Difficult to make untethered.
• Less inherent compliance.
• The use of oils can cause the

breakdown of certain materials.
• Needs frequent maintenance.

Twisted Fiber [11,26–29,39,120,128–132]

• Can be made from a wide variety
of materials.

• Easier to scale down.
• A multitude of actuation options,

including untethered.
• Can provide both torque

and contraction.

• Best materials require more complex
fabrication.

• Difficult to scale production.
• Tends to be expensive.
• Each stimulus is lacking in at least

one key trait.

Shape Memory Polymers and
Alloys [8,9,109,133–135]

• Untethered capabilities.
• Electric-free actuation.
• Inherent actuation properties.
• Low weight.
• Low cost.

• High hysteresis.
• Long cycle time.
• Slow movement.
• Sensitive to environmental heat.

Electroactive Materials [27,110,136–138]

• Inherent actuation properties.
• Modular.
• Direct electrical control.
• Scalable, both up and down.
• High speed and strain.
• Easily operate in

many environments.
• Low voltages.

• Little development.
• Requires portable power to

be untethered.
• Expensive.
• Relatively small actuation lengths at

large scale.

Liquid Crystal Elastomer [18,139]
• Large actuating stress.
• Fast response to stimulus.
• Inherent actuation properties.

• Slower actuation than
other methods.

• Some materials are expensive.
• Less developed.
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Figure 17. Three LCEs actuated by electrothermal film in series, these are controlled electronically
by running more thermal energy within each of the three sections, (ii) shows the bottom section
3 deforming from being exposed to the electronic external stimuli. (iii) shows another example of
actuation after previously deforming the previous section 3 within (ii), in (iii) section portions 3 and
2 have become bent due to the electronic external stimuli. (iv) shows the last example of all three 3, 2,
and 1 becoming subjected to the electronic external stimuli and having them all deform as a result
(Reprinted with permission from Liu, H., et al. [139]. Copyright 2020, American Chemical Society).

6. Fabrication Methods for Artificial Muscles

This section is to highlight some of the typical fabrication methods for artificial muscles
as well as to identify some recent innovations to their fabrication processes.

6.1. Pneumatic Fabrication

Pneumatic artificial muscle (PAM) actuators are commonly fabricated using physical
connections between an elastic body and various types of additives to enhance their
performance in terms of hysteresis and maximum output force. The elastic part is hollow
inside and referred to as the elastic bladder. The bladder is fabricated using an elastomer
or other hyper elastic materials. Additives consist of a semi-inextensible plastic mesh or
fabric that is used to cover the elastic bladder of the actuator. This type of actuator is also
known as the McKibben pneumatic actuator. As the PAM is actuated, the elastic bladder
expansion is resisted by a semi-inextensible additive when the PAM makes a contraction in
the longitudinal direction. The total contraction quantity is referred to as a stroke of the
PAM [144]. An example of the assembly can be found within Figure 18.
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The knit-covered PAM (k-PAM) is one of the more popular actuators because of its
ability to generate large amounts of forces with stable actuation. The k-PAM is a variation
on the McKibben pneumatic actuator. Rather than plastic mesh or fiber, k-PAM uses
conductive knit covers as the semi-inextensible material. The knitted fabric is created
using the plain stitch (also called a jersey, flat, or stockinette stitch). The stitch consists of
interlocking loops, this makes it more stretchable, flatter, lighter, and can withstand high
tensile forces. Different sizes of the braided mesh covers can be selected to vary the total
stroke of the actuator, along with the thickness of the bladder walls, and the diameter of the
braided mesh can be adjusted to fine-tune the output force and stroke of the actuator [144].

6.2. Hydraulic Fabrication

The McKibben actuator is also a common actuator design for hydraulic artificial
muscles. The fabrication and actuation methods are exactly the same, the only difference
is the fluid. Thomalla et al. explain in detail their fabrication process to implement the
McKibben actuator in hydraulic systems [146]:

“A 2 × 2 twill pattern aramid fiber sleeves were used for the fiber materials be-
cause of their low cost, high strength, and resistance to abrasion. Three different
inexpensive elastomers were used to create three different actuators, including
60A neoprene, 80A neoprene and 70A natural rubber were selected for the experi-
ments to validate the elastic force model over a range of elastomer elastic moduli.
All actuators were designed with a sufficient wall thickness to prevent bursting
and to be compatible with commercially available crimp fittings. 60A neoprene
amd 80A neoprene fabricated the same way, they only differ in the number of
fiber sleeves and the initial length of the actuators. 70A actuator was fabricated
with two fiber sleeves to increase the strength of the actuator. The braided sleeves
were cut to length and slid over the elastomers and barbed hydraulic fittings
were used to crimp the braided sleeves to the elastomers. A layer of electric tape
was adhered to the exterior of the fiber sleeves to reduce abrasion to the fibers at
the fiber-fitting interface when crimped [146].”

6.3. Twist Fiber Fabrication

Twist fiber artificial muscles are a versatile actuator that has been used since the
1990s. Twist fiber actuators can convert volume expansion into axial contraction and radial
rotation. Twist fiber artificial muscles are typically a single component actuator that can
generate external work by deformation under when other various stimuli such as heat,
light, pressure, current, and humidity. Twist fibers are simplistic and high in flexibility in
artificial muscle applications [147].

The typical fabrication process of a twist fiber actuator is inexpensive and not complex.
First, a fibrous material must be selected, the material can range from relatively new
materials like MWCNT and graphene fiber to polymer fibers, and elastomers to household
items like fishing line and sewing thread. Twist fibers can be formed from a multitude of
materials to suit a wide variety of applications. Once the material is selected, a strand or
multiple strands are then twisted. The twisting process causes a torque to be generated
in the fibers causing the morphology to become twisted into a spiral configuration. An
additional step can be added to create a twisted coiled actuator. The twisted fiber is then
placed and coiled in a mandrel loaded with a constant load. This creates a twisted-and-
coiled actuator (TCA). For the twist to remain in the fiber while coiling, the fiber must be
treated. The treating process will vary on the material selection, an example of this can be
found in Figure 19 [26].
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In a recent study, Sun et al. introduced a new fabrication process to improve the
way twist fibers are created. The process begins the same as the typically used process.
A 1-ply thread fiber is twisted. Once the thread is completely twisted, the fiber is then
coiled on a helical mandrel. The whole system is annealed in an oven at 185 ◦C (365 ◦F).
The annealing process helps the material retain its twist while it is coiled. The TCA is
removed from the mandrel and enters a training process. The training process for the TCA
is repeating multiple heating cycles. This will provide the actuator with a more consistent
performance [148].

Sun et al.’s process addresses a common problem when fabricating TCAs using the
conventional mandrel coiling method. The mandrel coiling method can result in random
resistance when the TCA is actuated because the coils will randomly form contact with
each other. The cause of the coils’ contact with one another is the conventional method of
fabricating TCA has a limited stroke. Sun et al.’s new method of fabricating TCA creates a
sufficient stroke before the coils contact. The new method has a 35.7% larger stroke when
compared to the mandrel and self-coiling methods [148].

6.4. Ionic Polymer Fabrication

Ionic polymer actuators are low voltage, flexible, soft action, and easily processable
actuators. Ionic polymer actuators are versatile with interest for application in the field’s
soft robotics and biomedical. Two typical polymer actuators will be discussed in this
section: ionic polymer-metal composites (IPMC) and bucky gel actuator (BGA).

Wang et al. outline the fabrication method for IPMC. The process creates an electrode
layer on the exterior of the material [149]. The study highlights three distinct steps in the
fabrication process of IPMC: initial pretreatment, impregnation-reduction, and chemical
deposition. Wang et al. improved the preparation technique by combining the steps in a
process called impregnation electroplating (IEP). The study uses Nafion 177 as the interlayer.
The Nafion 177 is roughened by sandblasting for 30 s using 0.0750 mm diameter powders.
The next step is to immerse the pretreated Nafion in a 160 mL ammonia solution of [Pd
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(NH3)4] Cl2 with 140 mg Pd and 20 mL ammonia of 25% for 2 h on a low-speed stirring.
The Nafion is then soaked in the Pd complex cations in an alkaline solution of NaBH4
(2–5%, PH > 13) under an ultrasonic environment at a continuously rising temperature.
The whole process is repeated a total of three times. The Nafion membrane is then soaked
in Pd complex solution again for over 2 h and then both sides are electroplated for over
30 s for both sides. The soaking and electroplating are repeated a total of three times. Lastly,
the IMPC is immersed in an aqueous solution of NaOH (0.1–0.5 mol/L) for 2 h to complete
the process [149].

Wang et al. describe the typical preparation method to fabricate BGAs [149].
The electrode film produced from the mixture of single-walled carbon nanotubes
(SWCNT), polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP), and
1-ethyl-3-methylimidazolium tetra-fluoroborate (EMIBF4) as an ionic liquid. 20 wt% of
SWCNT, 32 wt% of PVDF-HFP, and 48 wt% of EMIBF4 were dissolved into 9 mL of N,N-
dimethylacetamide (DMAC) and stirred at room temperature for an hour. The solution
is then sonicated for 24 h in an ultrasonic bath. The sonication will cause the solution to
become gelatinous black. The gelatinous solution is then cast into a Teflon mold and dried
on a hotplate at 50 ◦C for 12 h. To dry the electrode film, store it in a vacuum at 80 ◦C for
3 days. As a result, a black self-standing electrode film was obtained. The electrolyte
film was produced in a similar procedure. A total of 50 wt% of PVDF-HFP and 50 wt%
of EMIBF4 were mixed into the solvent mixture of 4-methyl-2-pentanone and propylene
carbonate anhydrous. The solution is cast into the Teflon mold. The solvents were dried
on a hot plate to create an opaque self-standing gel electrolyte. One electrolyte film was
sandwiched by two electrode films using the hot-pressing technique to obtain the three-
layered BGA. The study also suggests super-growth SWCNT as a good nanocarbon for the
electrode of BGA applications [149].

6.5. Shape Memory Polymer Fabrication

Shape memory polymers (SMP) are mechanically active materials, i.e., capable of
altering their shape as a response to an external stimulus. This type of material memorizes
a permanent shape, can take on a temporary shape, and later return to the original shape
when exposed to stimuli. Heat is the most common and studied stimuli for SPM [150].
A commonly used polymer for SMP application is polytetrafluoroethylene. Polytetraflu-
oroethylene is created using fluorspar, hydrofluoric acid chloroform, and water at high
temperatures. As seen in Figure 20, the fabrication process for a two-way SMP can be
separated into two sections: programing and reversible transitions. To program the SMP,
the material is heated above the melting temperature and deformed. This is a preorientation
of the chain segments for the first desired shape. The SMP is cooled down just below the
crystallization temperature while stress is applied to deform the material to create the
second desirable shape. To complete the process, the SMP is heated and deformed back
into the first desirable shape. Now the SMP is able to transition between the two shapes
with a change in temperature [151].
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6.6. Shape Memory Alloy Fabrication

Shape memory alloys (SMAs) operate in a very similar manner as SMPs. The actuation
is initialized when the material is exposed to external stimuli, typically heat and stress. The
stimuli cause the SMA to transform between a martensite phase at low temperatures and
an austenite phase at high temperatures [152]. A nickel-titanium alloy is commonly used
for SMA applications. NiTi changes properties depending on the phases of martensite and
austenite, as shown Figure 21. In the martensitic state, the material can be easily deformed.
In the austenite state, the elastic force to return to the memorized original shape becomes
stronger. The wire itself can be contracted by heat, which can produce an extremely large
force; however, it exhibits a small contraction strain [153,154].
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Thermo-mechanical processes are used to manufacture the products by employing
both mechanical and heat-assisted processes. Powder metallurgy is a common method to
produce SMAs. This process can make the material porous, making it useful in biomedical
applications because of its lower density. This method begins by compressing a mix of raw
materials in powder into a mold and applying pressure, the compacted powder is known
as a green compact. Next, the green compact is sintered at an elevated temperature so that
the powders can react with one another and form the required phases. The temperature
during the sinter is a major factor in powder metallurgy because temperatures too high
can melt the powder mixture and the powders will flow, altering the desired dimensions.
Furnaces can be used to sinter green compacts can be done in a furnace with or without a
sealing chamber, microwave, or any heat source. During the sintering process, inert gases
can be injected into the system to shield the product from the atmosphere. A vacuum can
also be used to avoid unnecessary contamination of the product from the formation of
oxides, nitrides, or carbides phase of the elements [155]. The SMA is actuated by stress and
heat to switch between the austenite and martensite phases.

6.7. Dielectric Elastomer Fabrication

A dielectric elastomer actuator (DEA), in its simplest configuration, consists of an
elastomer layer that is sandwiched by electrodes on two opposite surfaces. Applying a
voltage to the electrodes compresses the elastomer in thickness, due to the Coulombic
attraction of opposite charges, and causes lateral expansions of the elastomer due to its in-
compressibility. Progress in DEA manufacturing methods has allowed materials to engineer
to show optimum strain-stiffening behaviors; electrodes optimized for high compliance,
electrical conductivity, and self-clearing; new functionalities such as self-sensing have been
added; a variety of different configurations proposed; numerous novel devices based on
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DEAs have been created [156]. CNT powder can be easily patterned onto the surface of
a material to create an electrode in a fast and simple process. In Figure 22, the multistep
process to fabricate a single-layer stretchable electrode is shown. A masking sheet is
designed and then patterned using a cutting plotter. The masking sheet is placed on the
elastomer membrane to only expose the desired location of the electrode. MWCNT powder
was placed on the masking sheet. Using a brush, the CNT powder was brushed onto the
membrane while maintaining the same brushing directions. This creates a thin layer of
MWCNT powder on the elastomer forming the electrode [157].

6.8. Liquid Crystal Elastomer Fabrication

Liquid crystalline polymer is a generic term that encompasses a number of materials
derived from liquid crystal molecules from natural polymers to high-performance ther-
moplastics. We will focus on liquid crystal elastomers (LCEs), a subset of liquid crystal
polymer networks. Liquid crystal elastomers are often divided into subclasses by the
location of the mesogen within the polymer network, either main-chain or sidechain. The
sidechain LCE can be further classified as end-on (mesogen attached at the ends of the
polymer backbone) or side-on (mesogen laterally attached to the polymer backbone) [158].

Rogóz et al. created a photo responsive LCE actuator for a linear inchworm motor [159].
The technique used is called rubbing overwriting, which is often used to orientate liquid
crystals. Rubbing overwriting combines unidirectional and multidirectional rubbing by
applying a mask. First, the entire surface is exposed and rubbed in one direction, and
in the second step the mask covers certain areas, and the exposed surface is rubbed in
the perpendicular direction. In this new process, there is no need to align the mask. A
50 µm thick cell was made by orientating two glass slides in a way that the areas were
rubbed in a certain direction on one slide face and the areas rubbed in a perpendicular
direction on the other slide. The cell was filled with a monomer mixture containing
83 mol% of monomer 4-methoxybenzoic acid 4-(6-acryloyloxy-hexyloxy) phenyl ester
(Synthon Chemicals, Bitterfeld-Wolfen, Germany), 15 mol% of crosslinker 1,4-Bis-[4-(3-
acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (Synthon Chemicals), 1 mol% of
photoinitiator 2-benzyl-2-(dimethylamino)-4′-morpholino butyrophenone (Irgacure 369,
Sigma-Aldrich, St. Louis, MO, USA), and 1 mol% of red dye Nethyl-N-(2-hydroxyethyl)-
4-(4-nitrophenylazo)aniline (Disperse Red 1, Sigma-Aldrich). The cell was filled onto an
80 ◦C hot plate heated by capillary forces. Then the heat is raised to 140 ◦C for 2 min and
cooled on an aluminum plate at 22 ◦C. After 15 min, the mixture was polymerized with a
379 nm UV LED. A polarizing microscope confirmed that the film had rectangular areas
with twisted nematic director orientation. The adjacent segments are rotated by 90◦ and
cut to deform the segments to make an accordion-like shape when heated up. The film had
a maximum contraction of 35% at 130 ◦C. The accordion-like deformation was recorded
as an 80% reduction in length when actuated. The linear actuator stroke could be further
increased by using bending rather than contraction [159].
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the whole exposed area. (e,f) shows them then pulling off the masking sheet to show the now cre-
ated concentrated CNT powdered portion now considered an electrode. (g) shows the now formed 
electrode as result of this concentrated CNT powder on this specific portion of the elastomer mem-
brane (Reprinted with permission from Wiranata, A., et al. [157]. Copyright 2021, CC BY NC ND 4.0 
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Figure 22. Brushing method for the stretchable electrode and the fabrication method for a single-layer
DEA, (a) shows the first step of laying down the 10 mm square piece of masking sheet that has a hole
in the middle of it which is the exposed desired part of the elastomer membrane that will be worked
on. (b) shows the pouring of the CNT powder, and (c) shows the use of a brush to prep for spreading
the CNT powder across the hole onto the bare elastomer membrane within the hole of the masking
sheet. (d) shows the further spreading of the CNT powder across the exposed portion of the elastomer
membrane within the masking sheet enough to create a thin layer of CNT across the whole exposed
area. (e,f) shows them then pulling off the masking sheet to show the now created concentrated CNT
powdered portion now considered an electrode. (g) shows the now formed electrode as result of
this concentrated CNT powder on this specific portion of the elastomer membrane (Reprinted with
permission from Wiranata, A., et al. [157]. Copyright 2021, CC BY NC ND 4.0 International).

6.9. Carbon Nanostructure Fabrication
6.9.1. Graphene

The mechanical peeling action was controlled with three motors: one on the unwinding
roller to control the web speed and two on the rewinding rollers to control the web tensions
(Figure 23a). Three idler rollers were instrumented with load cells to monitor the tensions in
the webs. The graphene samples used in this work were 100 × 100 mm2 CVD-grown mono-
layer graphene on copper foil, first laminated with polyethylene terephthalate/ethylene
vinyl acetate (PET/EVA) film and then cut into 30 × 10 mm2 specimens (Figure 23b).
Smaller specimens were used in the transfer experiments to reduce the material cost. The
specimens were again laminated in between carrier films and the polymer-graphene-copper
laminate was peeled with two guiding rollers R1 and R2 (Figure 23c). By controlling the ten-
sion forces (T2 and T3) and the linear web speed (V), peeling is maintained at the graphene
and copper interface, transferring graphene from the copper substrate to the polymer
film. The copper foil is then collected by a rewinding roller, and the graphene-on-polymer
sample is collected by the other [160].
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ular rubbing direction. (c,d) LCE films prepared with the rubbing overwriting technique using: (c) 
a mask with the University of Warsaw logo cut out and (d) a mask with 1 mm wide slits cut out. 
The yellow box shows how the accordion-like actuator was cut from the film. White light photo-
graphs were taken between crossed polarizers, with the white cross showing the orientation of the 
polarizers. (e) Accordion-like deformation in a stripe of LCE film cut perpendicular to the pattern 
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Figure 23. All scale bars are 5 mm long. (a) Two masks (gray) were used, one for each rubbing
direction indicated by blue arrows and gray lines. (b) In the rubbing overwriting method, the entire
surface is rubbed in one direction first and one mask is used for the regions with a perpendicular
rubbing direction. (c,d) LCE films prepared with the rubbing overwriting technique using: (c) a mask
with the University of Warsaw logo cut out and (d) a mask with 1 mm wide slits cut out. The yellow
box shows how the accordion-like actuator was cut from the film. White light photographs were
taken between crossed polarizers, with the white cross showing the orientation of the polarizers.
(e) Accordion-like deformation in a stripe of LCE film cut perpendicular to the pattern lines, heated
from 30 ◦C to 90 ◦C. (f) Finite element simulation of the LCE stripe deformation. Temperature values
relate to conditions in (e,f) (Reprinted with permission from Rogóż, M., et al. [159]. Copyright 2021,
CC BY 4.0 International).

Roll-to-roll milling is a popular technique for the mass production of graphene film.
The process ensures the homogenous dispersion as well as the high filler contents of
polymer matrices to improve composite performances. This technique is most suitable for
thermoset polymer resins. The required amount of graphene and polymer resin is placed
between the two rotating rollers and uniformly mixed under a high shear force by reducing
the roller gaps. Milling time and shear forces controlled by changing the gap between the
rollers affect the homogenous dispersion of graphene and/or some other nanomaterials in
the polymer matrices. This technique seems quite feasible for industrial fabrication, though
batch-to-batch quality variation may occur depending on the feeding accuracy and process
control. However, this technique is labor intensive and often difficult to automate [161].

6.9.2. Carbon Nanotubes

The arc discharge technique, also known as the arc evaporation technique, is a common
method of producing CNTs. The arc discharge technique has been used since the 1990s
when it was used to create the fabricate Buckminster fullerenes. This technique creates
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plasma by breaking down a gas using electricity. Two graphite electrodes are used, the
cathode was a pure graphite rod while the anode was filled with powdered carbon. The
electrodes can be placed either vertically or horizontally with a potential difference of 20 V
and heated above 1700 ◦C. The electrodes are typically placed 1–2 mm from each other in an
enclosure filled with an inert gas at low pressure. Once the setup is completed, a DC current
of 50–100 A is applied to begin the production of CNTs. When the arc is triggered, plasma
made up of carbon, rare gases, and catalyst vapor forms between the electrodes. While the
system is activated, the anode erodes while CNTs are deposited on the graphite cathode.
Compared to other methods, arc discharge produces far fewer defects. The addition of
catalysts to the target electrodes leads to the production of CNTs in the form of soot. By
altering variables such as the type of doped anode, the concentration of catalysts, gases
composing the plasma, inert gas pressure, arc current intensity, and distance between the
electrodes different carbon structures can be obtained [98].

This method allows for the tuning of electrical and mechanical properties of carbon
nanotubes in large quantities. The CNTs are very straight and with few structural defects
when using the arc discharge method. A limitation in producing CNTs in this way is that
there is a byproduct of other carbon products and catalytic residue that must be separated.
Another flaw is the control over the shape of the CNT produced. The size of the CNT is
relatively small at less than 1 mm and the chirality is difficult to control [98].

6.9.3. Fullerene

There are several methods to produce fullerene, such as slow evaporation, vapor
deposition, precipitation or re-precipitation, and template methods. Each particular method
usually produces a single morphology. Miyazawa and co. developed a new method
to fabricate fullerene called liquid–liquid interfacial precipitation (LLIP) method. The
LLIP method can produce fullerene crystals with a wide variety of morphologies. The
LLIP method is performed by slowly adding the antisolvent of fullerene, alcohol, into
a fullerene solution in a solvent. This forms a clear liquid-to-liquid interface. As time
passes, the alcohol molecules diffuse towards the solvent, creating a crystal nucleus at
the unsaturated liquid-to-liquid interface. The crystal nuclei will grow upon diffusion of
fullerene from the buck phase to the interface. As the crystal grows, needle-like crystals
grow in random directions from the nuclei. Under specific conditions, Furuuchi et al.
produced 1D nanostructures a few hundred nanometers in diameter with a length that
ranged in hundreds of microns. These crystals are a 1D nanostructure of fullerene known
as fullerene nanowhiskers [162].

6.9.4. Motor Proteins

There are numerous ways to form molecular motors, one method performed by Wang
et al. is capable of producing molecular motors precisely and quickly using a UV beam [87].
To precisely fabricate the artificial muscles with this method, a UV laser source, laser
expander, two-axis Galvo mirrors, and a scanning lens are used, As seen in the figure,
the UV laser feeds into the laser expander, and the beam is then reflected off two 2-axis
Galvo mirrors that lead into the scanning lens. The Galvo mirrors can change their angle of
reflection to scan the bottom of the microfluidic channel. The UV beam will cause exposed
molecular motors in the solution to begin to actuate and form into contracting artificial
muscles. This method of fabrication allows for the creation of different shaped motors in
the microchannel, by adjusting the angles of the Galvo mirrors. The fabrication process is
fast, after the molecular motor solution is exposed to the UV light, the molecular motor can
self-organize into contracting muscles in thirty seconds, a diagram of this process can be
seen in Figure 24 [88]. All of the fabrication methods can be seen in Table 5.
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Table 5. Fabrication summary table.

Fabrication Process Simplified Explanation

Pneumatic [144,145]
K-PAM
• A variation of the McKibben pneumatic actuator.
• An elastic bladder is covered with knitted fabric using the plain stitch.

Hydraulic [146]

McKibben

• An elastic bladder is made up of 60 A–80 A Hardness and is surrounded
by a 2 × 2 twill pattern aramid fiber sleeve.

Twist Fibers [26,147,148]

Sun et al., TCA Fabrication

• The fiber is twisted using a mass and a motor.
• The twisted fibers are coiled on a helical mandrel.
• Annealed at 185 ◦C.
• Remove the twisted and coiled fibers from the mandrel.
• Apply multiple heat cycles to twisted and coiled fibers.

Ionic Polymers [149]

Impregnation electroplating

• Nafion 177 is sandblasted for 30 s.
• Immerse Nafion 177 in ammonia solution for 2 h.
• Nafion is soaked in an alkaline solution in an ultrasonic environment

with a rising temperature.
• Steps 2 and 3 are repeated three times.
• The Nafion is soaked in a NaOH solution for 2 h.

BGAs Fabrication method

• Mixture of SWCNT, PVDF-HFP, and EMIBF4 are dissolved in DMAC.
Stirred for one hour at room temperature.

• The solution is sonicated for 24 h in an ultrasonic bath.
• The solution is placed in a mold for 12 h at 50◦C creating an electrolyte.
• One electrolyte film is sandwiched by two electrode films using the

hot-pressing technique.



Actuators 2022, 11, 168 49 of 56

Table 5. Cont.

Fabrication Process Simplified Explanation

Shape Memory Polymers [150,151]

Two-Way SMP (Under Stress)

• The SMP material, polytetrafluoroethylene, is created using fluorspar,
hydrofluoric acid, chloroform, and water at extremely high temperatures.

• The SMP is heated past melting temperature and deformed to the first
desired shape.

• Material is cooled to lower the crystallization temperature and shaped
into the second desired shape.

• Material is heated under stress to above the melting point to go back to
the first desired shape.

Shape Memory Alloys [152–155]

Powder metallurgy

• The raw materials are in powder form and mixed together.
• The powder is compressed into a mold.
• The green compact is sintered at a high temperature to form the

proper phases.

Dielectric Elastomer [156,157]

Brushing Method for Single-Layer DEA

• A masking sheet is patterned and placed on the elastomer.
• Spread CNT over the opening of the masking sheet using a brush,

maintaining the same brushing direction.

Liquid Crystal Elastomer [158,159]

Rubbing Overwriting

• A 50 µm thick cell was made by orientating two glass slides in a way that
the areas were rubbed in a certain direction on one slide face the areas
rubbed in a perpendicular direction on the other slide.

• Cells are filled with a monomer mixture on a hotplate at 80 ◦C.
• The temperature is raised to 140 ◦C for 2 min then cooled to 22 ◦C.
• After 15 min, the mixture was polymerized with a 379 nm UV LED.

Graphene [160,161]

Roll to Roll Milling

• Graphene solution and polymer resin are placed between two rotating
rollers.

• The distance between the rollers increasingly decreases for a uniform
distribution of the materials.

Carbon Nanotubes [98]

Arc Discharge Technique

• Two graphite electrodes are placed 1–2 mm away from each other in an
enclosure above 1700 ◦C filled with an inert gas.

• A DC current of 50–100 A is applied to the systems.
• Plasma forms between the electrodes.
• CNTs are deposited on the cathode.

Fullerene [146,162]

Liquid-to-Liquid Interfacial Precipitation Method

• Alcohol is slowly added into a fullerene solution, making a
liquid-to-liquid interface.

• As time passes, the alcohol begins to diffuse towards the solvent, creating
a crystal nucleus.

• The nuclei will continue to grow needle-like crystals in random directions
known as fullerene nanowhiskers.

7. Conclusions

When it comes to the future of artificial muscles within biorobotics, it is important
to note that while all of the innovations we have mentioned within the last several years,
these studies are still relatively new. Many of the cases we have mentioned have the
clear disadvantages of not being compact, well researched, and most can be quite costly.
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Regardless of these limitations we still have been making great progress for passive and
active compact materials such as the robotic fabrics, we have gotten those researching and
getting closer every day to small optic sensors for these artificial muscle assemblies. We
have also seen that we are getting closer to more minimal external stimuli needed for these
artificial muscle actuators, not to mention the materials that comprise the exterior artificial
skin are becoming more flexible, compliant, and durable while staying lightweight. We
have learned many new techniques to actuate these artificial muscles as well, from things
like pneumatic actuation, all the way to electrochemically with solvent. This combined
with the usage of micro and nanotechnology within these artificial muscle assemblies the
materials used within them are becoming more desirable with greater thermal insulation,
more durable, more compliant, and are currently allowing for a means of actuation with
molecular motors that do not even need an external power stimulus.

When discussing the strengths and weaknesses of our review, the biggest strength is
the breadth of examples and thoroughness of the means of designing, manufacturing, and
actuating popular forms of artificial muscles. However, since certain tools and data were
unavailable from many of these reviews of others’ papers, we did not have a proper and
universally applicable empirical gauge we could use to compare their data to one another.
Many of these papers did not even have empirical data to present, and as a result, had great
examples and explanations without any means of representing their findings in a more
formal metrological way. So, for those seeking advice when creating another overview
paper of similar works is to use exclusively works that allow access to their empirical data.
As stated earlier, this paper was meant as an introductory overview of the current climate
and trends within the field of artificial muscle development.

In the future of these artificial muscles, based on the data presented in this paper, it can
be assumed that assemblies will become more flexible, compliant, and adaptive, while also
allowing for greater control of soft robotic grippers with greater more sensitive forms of
sensors. The materials used for the components will become more durable, composites and
alloys hopefully with greater discoveries and innovations will allow the whole biorobotics
industry to have higher quality more cost-effective materials for use. The prevalence of
micro and nanotechnology will allow for these innovations to be made with more research
and time, as well as allowing for other forms of actuation eventually to no longer require
external stimuli for different forms of actuation besides molecular motors.
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159. Rogóż, M.; Haberko, J.; Wasylczyk, P. Light-Driven Linear Inchworm Motor Based on Liquid Crystal Elastomer Actuators

Fabricated with Rubbing Overwriting. Materials 2021, 14, 6688. [CrossRef] [PubMed]
160. Hong, N.; Kireev, D.; Zhao, Q.; Chen, D.; Akinwande, D.; Li, W. Roll-to-Roll Dry Transfer of Large-Scale Graphene. Adv. Mater.

2022, 34, 2106615. [CrossRef] [PubMed]
161. Al Faruque, M.A.; Syduzzaman, M.; Sarkar, J.; Bilisik, K.; Naebe, M. A Review on the Production Methods and Applications of

Graphene-Based Materials. Nano-Materials 2021, 11, 2414. [CrossRef]
162. Furuuchi, N.; Shrestha, R.; Yamashita, Y.; Hirao, T.; Ariga, K.; Shrestha, L. Self-Assembled Fullerene Crystals as Excellent Aromatic

Vapor Sensors. Sensors 2019, 19, 267. [CrossRef]

http://doi.org/10.1016/j.ijmecsci.2021.106483
http://doi.org/10.1109/ACCESS.2019.2925682
http://doi.org/10.3390/robotics7040072
http://doi.org/10.1109/TRO.2018.2864780
http://doi.org/10.3390/polym14030432
http://www.ncbi.nlm.nih.gov/pubmed/35160422
http://doi.org/10.1109/IROS45743.2020.9340647
http://doi.org/10.5772/intechopen.75085
http://doi.org/10.1002/pen.25778
http://doi.org/10.3390/act9010010
http://doi.org/10.1016/j.sna.2021.112598
http://doi.org/10.1109/LRA.2022.3150875
http://doi.org/10.3390/met7070268
http://doi.org/10.1016/j.matpr.2020.03.539
http://doi.org/10.1063/5.0043959
http://doi.org/10.1002/adem.202001181
http://doi.org/10.1002/polb.24287
http://doi.org/10.3390/ma14216688
http://www.ncbi.nlm.nih.gov/pubmed/34772214
http://doi.org/10.1002/adma.202106615
http://www.ncbi.nlm.nih.gov/pubmed/34751484
http://doi.org/10.3390/nano11092414
http://doi.org/10.3390/s19020267

	Introduction 
	Criteria to Compare 
	Innovation of Components 
	Paper-Thin Materials and Techniques for Them 
	Liquid Crystal Polymers and Elastomers 
	Artificial Skin and Fabrics 
	Rigid Materials and Techniques for Variability 
	Soft Robotic Grippers 
	Soft Robotic Sensors 
	Miscellaneous Techniques for Materials Used in Actuation 

	Nanocomponents in Artificial Muscles 
	Graphene 
	Carbon Nanotubes 
	Fullerene 
	Molecular Motors 
	Metallic Nanoparticles 
	Comparison of Nanocomponents 

	Popular Forms of Actuating Artificial Muscles 
	Pneumatics 
	Hydraulics 
	Twisted Fibers 
	Shape Memory Polymers and Alloys 
	Electroactive Soft Materials 
	Liquid Crystal Elastomers 
	Miscellaneous Developments 

	Fabrication Methods for Artificial Muscles 
	Pneumatic Fabrication 
	Hydraulic Fabrication 
	Twist Fiber Fabrication 
	Ionic Polymer Fabrication 
	Shape Memory Polymer Fabrication 
	Shape Memory Alloy Fabrication 
	Dielectric Elastomer Fabrication 
	Liquid Crystal Elastomer Fabrication 
	Carbon Nanostructure Fabrication 
	Graphene 
	Carbon Nanotubes 
	Fullerene 
	Motor Proteins 


	Conclusions 
	References

