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ACRONIMES

• shape memory alloys (SMA) 

• dielectric elastomer actuators (DEAs)

• electroactive polymer (EAP) 

• ionic polymer-metal composites (IPMC) 

• shape memory polymer (SMP)

• soft fluidic actuator (SFA)

• twisted string actuators (TSAs) 

• super-coiled polymer (SCP) 



1.INTRODUCTION

• Artificial muscles are broadly defined as the materials and devices that can change their
shapes under external chemical or physical stimuli [1]–[3]. A subset of artificial muscles, defined
as robotic artificial muscles, are actuators that conform to biologically inspired manners to
generate work.

• These actuators, ranging from shape memory alloys (SMA) to dielectric elastomers, offer many
advantages over conventional rigid actuators (e.g., electric motors) – i.e.,

Øhigh power-to-weight ratio,

Øhigh force-to-weight ratio,

Øinherent compliance, and all without complex linkages [4]–[9].

Robotic artificial muscles have shown strong potential as driving mechanisms for novel robotic
applications such as robot manipulators and grippers, biomimetic robots, robotic prosthetics and
exoskeletons, medical robots, soft robots, and many others [10]–[16].
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includes electric power, heat and even a solar energy [Iamsaard 2014]. 
The second category divides technology by the activation of artificial 
muscles. As the Fig. 1 shows, most activation methods are dependent on 
electric power and some of them can be powered by more energy sources. 
Fig. 1 shows relationships between artificial muscles technologies, 
activation methods and a power source.

Pneumatic artificial muscles (PAMs) transform potential energy of 
pressured air into a mechanical movement and was developed by a Russian 
scientist Garasiev in 1930 [Kopecny 2009, Kocis2016b]. The muscle 
consisted of rubber sleeve rounded by rims in several positions. The rims 
were connected by fibers. 

The main point of PAM is ability of mimicking the structure and 
functioning mechanism of biological skeletal muscles through the 
pressurizing an air-tight tube surrounded by an inextensible mesh. 
When the internal space is pressurized, the tube expands in the radial 
direction and shortens in the axial direction, generating a pulling force 
to the external load. With this structure, the pneumatic muscle possesses 
multiple unique advantages, including simple structure, high power 
density, and similar elastic characteristics to biological skeletal muscles. 

The best-known PAM is McKibben’s muscle. The main feature of 
McKibben’s PAM is a topology of a braid. Fibers of the braid cross each 
other and form pantografic units. Due to these pantografic units, the 
PAM has got a good deformation process [Kopecny 2009].

Technology of smart memory alloys (SMA) or smart memory polymers 
(SMP) is the next currently used. SMAs and SMPs are activated by an 
intrinsic energy change, therefore, a power can be provided with electric 
energy or the heat. Basic element of SMA is a sheet or a wire of Ni-Ti 
alloys [Büttenbach 2001, Price 2007, Kocis 2016e]. As the element is 
heated, it changes its shape due to phase changes. Activation speed 
is dependent on heating and cooling period and it is usually slow. Also 
the effectivity is about 5 % [Anderson 2012].

Dielectric elastomer actuators (DEAs), electrostrictive actuators, 
liquid crystal elastomer actuators (LCEs) and carbon nanotube 
actuators (CNTs) are activated by an electrostatic field. LCEs and 
electrostrictive actuators respond to the electrostatic changes by 
conformational changes that induce bulk deformation. Nevertheless, 
these materials achieve low bulk changes in units of percentage. 
The DEAs basic units consist of three layers, as depicted in Fig. 2 
Two external layers are used as conductive electrodes and they 
are made of a carbon grease or silver grease which both allow 
a planar deformation. These electrodes are charged by high voltage 
to generate the electrostatic field causing the electrodes attraction 
[Arora 2007, Brochu 2010, Maden 2004, Kocis 2016c, Kocis 2016d]. 
Electrode attraction causes the thickness shrinkage of the elastomer 
film which relaxes its tension in longitudinal axes. This relaxing results 
in the film elongation in longitudinal axes and the dielectric elastomer 
actuator causes a mechanical work. DEAs achieve a strain in dozens 
of percent. In [Madden 2004] it is noted that the activation pressures 
reach up to 7.7 MPa, active strains of over 380%, and response 
times of the order of milliseconds are reported. These parametres are 
strongly dependent on a used elastomeric material. The best results 
are achieved with three commercially available materials, as Dow 
Corning HS3 silicone, Nusil CF 19-2186 silicone, or 3M VHB 4910 
acrylic [Madden 2004].

The effect of the electrostatic forces between unlike charges in each 
electrode are added to the compressive attraction between electrodes 
to produce the following expression:

INTRODUCTION
The theme of artificial muscles lies in a range of machine or robotic 
propulsion. It is a rather new type of propulsion exceeding the properties 
of conventional drives. Conventional drives, such as electromagnetic 
motors or combustion engines, are heavy and need transmission units, 
gear boxes and a cooling for the required performance.

The artificial muscles have a simple design which raises a low weight 
and good specific power. Depending on the technology of artificial 
muscles, most of them are able to produce high forces or torque with 
low revolutions or velocities, and thus they seem appropriate to be used 
in robotics [Madden 2004, Kocis 2016a].

1 CURRENT STATE OF RESEARCH
This review begins with a description of the artificial muscle design 
technology and sorts the technologies into two categories. The first 
category divides the technology by an energy source for a propulsion. This 
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Pneumatic artificial muscles have been known since 1930s. Their 
advantage is in a simple design and good specific power [Madden 2004, 
Kocis 2016b]. However, the critical disadvantage is the requirement of 
an air compressor or a compressed air accumulator. This disadvantage 
disables the use of pneumatic artificial muscles in mobile robotics. In 
constrast to pneumatic artificial muscles dielectric elastomer actuators 
as basic units of artificial muscles are convenient for mobile robots 
propulsion [O´Brien 2012, Moghadam 2015]. We investigate a new 
design of pneumatic artificial muscles that can be powered by the energy 
of electrostatic field. This paper describes the design of a new artificial 

muscle technology and solves a behavior under small strains.

Figure 2. Braid of McKibben’s PAM [Kopecny 2009]

Figure 1. Distribution of artificial muscles technologies



Artificial muscles are made from electroactive polymers (EAPs), which are simple, 
lightweight strips of highly flexible plastic. 

EAPs can be stimulated to change shape or size through activation mechanisms via 
chemical, thermal, pneumatic, optical, electric, or magnetic means. 

EAPs are divided into two major categories based on their activation mechnism: 

Øelectronic (driven by electric field) and 

Øionic (driven by diffusion of ions) types. 

Electronic EAP and Ionic EAP:

Dielectric EAP; Electrostrictive Graft Elastomers; Electrostrictive Paper; Electro-
Viscoelastic Elastomers; Ferroelectric Polymers; Carbon Nanotubes (CNT); Conductive
Polymers (CP); ElectroRheological Fluids (ERF); Ionic Polymer Gels (IPG); Ionic Polymer
Metallic Composite (IPMC)



• Electronic EAPs are driven by Coulomb forces and they can be made to hold the induced
displacement while activated under a DC voltage. These EAP materials have high
mechanical energy density and they can be operated in air with no major constraints.
They require a high activation field (>30 MV/m) that can cause uncomfortable electric
shocks. The advantages of electronic EAPs are fast reactivity and delivery of strong
mechanical forces. They do not need a protective coating and require almost no current
to hold a position.

• Ionic EAPs are driven by the mobility or diffusion of ions and they require two electrodes
and an electrolyte for activation. They require as low as 1-2 volts to induce a bending
displacement. The disadvantages of using ionic EAP materials are the need to maintain
wetness and the difficulties in sustaining constant displacement under activation of a DC
voltage. The other major shortcoming is that if the voltage is above a certain level,
electrolysis occurs, which causes irreversible damgage to the material.

•



EAP type Advantages Disadvantages

Electronic EAP:

§ Exhibit rapid response (milliseconds)

§ Can hold strain under DC activation

§ Induces relatively large actuation forces

§ Exhibits high mechanical energy density

§ Can operate for a long time in room conditions

§ Requires high voltages (~100 MV/meter)

§ Independent of the voltage polarity, it produces mostly monopolar actuation due to associated electrostriction effect

Ionic EAP: 

ØNatural bi-directional actuation that depends on the voltage polarity

ØRequires low voltage

ØSome ionic EAP like conducting polymers have a unique capability of bi-stability

ØRequires using an electrolyte

ØRequires encapsulation or protective layer in order to operate in open air conditions

ØLow electromechanical coupling efficiency

ØExcept for CPs and NTs, ionic EAPs do not hold strain under dc voltage



ØSlow response (fraction of a second)

ØBending EAPs induce a relatively low actuation force

ØElectrolysis occurs in aqueous systems at >1.23 V



The background of the work is that Danfoss A/S, a major Danish industrial company, has
developed a new actuator technology based on the Electro Active Polymer (EAP) materials.
Danfoss started its work on EAP in 1998 in a Z. Fan, K. Raun, L. Hein and H.-E. Kiil
collaboration project ArtMus together with the Danish Polymer Centre at Resø, and the
Department of Chemistry at DTU [4].

In spring 2006, a venture project called PolyPower was initiated at Danfoss to investigate
the possibilities of scaling up production and design new actuators and applications based
on EAP. Up to now, Danfoss has accomplished manufacturing actuators in an up-scaled
laboratory level and is looking into larger-scale manufacturing and application possibilities.
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collaboration project ARTMUS together with the Danish Polymer Centre at Resø, 
and the Department of Chemistry at DTU [4]. 

In spring 2006, a venture project called PolyPower was initiated at Danfoss to 
investigate the possibilities of scaling up production and design new actuators and 
applications based on EAP. Up to now, Danfoss has accomplished manufacturing 
actuators in an up-scaled laboratory level and is looking into larger-scale 
manufacturing and application possibilities.  

The work reported in this paper is based on usage of flat 2-layer back-to-back 
ARTMUS actuator manufactured in the laboratory.  There are two objectives in the 
work: one is to identify several dynamic properties of the actuator such as stiffness, 
damping, etc. The other is to demonstrate the performance of the EAP actuator by 
designing and building a two-level robot arm system actuated by EAP actuators.  

The remainder of the paper is organized as the following: Section 2 will give a 
short introduction to different types of artificial muscle technology, in particular 
EAP. Section 3 explains the work of identifying dynamic properties of EAP 
actuator being used.  Section 4 describes the design procedure for the two level 
robot arm system, with the final product also built up and demonstrated. The paper 
concludes with section 5 with some discussions for future improvements. 

2. Types of Artificial Muscles 

2.1 Comparison of Different Muscles  

There are three main types of artificial muscles. 

In the table 1, the different technologies are compared with each other and also 
with human biological muscles in terms of some key properties.  

Table 1. Comparsion between three types of artificial muscle and human muscle [1][2] 

Property Human muscle SMA EAC EAP 
Actuation strain [%] 20% (max. 40%) < 8% Max. 

0.3% 
> 300% 

Force [MPa] 0.1 200 40 25 
Reaction speed msec msec to min ȝsec to 

sec 
ȝsec to min 

Density [kg/m3] 1037   960-1100 
Power to mass 

[W.kg-1] 
50 (max.200) 3500  Up to 3500 

Drive voltage - 5V 50-800V Ionic:1-7 V, 
Electronic: 10-

150V/ȝm 
Consumed power - Watts Watts Milli-watts 

Fracture toughness High and can self 
repair 

Resilient, elastic Fragile Resilient, elastic 

 

x SMA – Shape Memory Alloys 
x EAC – Electro Active Ceramics 
x EAP – Electro Active Polymers 

There are three main types of artificial muscles. 
SMA – Shape Memory Alloys
EAC – Electro Active Ceramics
EAP – Electro Active Polymers



Actuator materials capable of producing a rotational or tensile motion are rare and,
yet, rotary systems are extensively utilized in mechanical systems like electric motors,
pumps, turbines and compressors.

Rotating elements of such machines can be rather complex and, therefore, difficult to
miniaturize. Rotating action at the microscale, or even nanoscale, would benefit from the
direct generation of torsion from an actuator material.

Herein we discuss the advantages of using carbon nanotube (CNT) yarns and/or
graphene (G) fibers as novel artificial muscles that have the ability to be driven by the
electrochemical charging of helically wound multiwall carbon nanotubes or graphene
fibers as well as elements in the ambient environment such as moisture to generate such
rotational action.

2.CARBON NANOTUBE AND GRAPHENE FIBER ARTIFICIAL MUSCLES 



observations of the yarn surface, despite the complex nature of
the realized yarn structure, which contains stochastic elements
due to such processes as sheet pleating during twist insertion. A
strictly topological equation to predict a from only d and T does
not exist for a dual-Archimedean scroll, since the number of
turns inserted by plying two Archimedean scrolls into a dual-
Archimedean scroll (versus the initial number of turns that
provide twist in each Archimedean scroll) is a consequence of
yarn energetics.

Coiled yarns (Fig. 1F) were typically fabricated from non-
coiled, twist-spun yarns under constant load by inserting
additional twist until the yarn contracted to 30–40% of its
original length. For a dual-Archimedean yarn of 100 mm diam-
eter and made under 4 g load by twist insertion in a stack of 40
co-oriented, 9 mm wide, 15 cm long sheets, coiling started at
!580 turns and the yarn was completely coiled aer!620 turns.
Complete coiling produced an !60% contraction in yarn
length.4

Some studies have used guest materials incorporated into
the porous MWNT yarn host. The guest typically provides
volumetric expansion upon heating or swelling, with this
expansion being constrained in the direction of nanotube

orientation, which in turn acts to amplify torsion, as discussed
below. Examples demonstrated to date include water-sensitive
poly(ethylene glycol), hydrogen-absorbing palladium, and
thermo-sensitive polydiacetylene and paraffin, with most
attention to date focussed on the latter. Various commercially
obtained waxes (like those used for canning and candles) were
successfully used as thermo-sensitive guest materials contained
within the MWNT yarn host. Most studies have used Sigma-
Aldrich 411671 wax, which comprises a mixture of alkanes,
fully melts at !83 "C, expands by !20% between 30 and 90 "C
during solid-state transitions and melting, and provides !10%
additional volume expansion between 90 and 210 "C.4

MWNT yarns were typically inltrated with paraffin wax using
the “hot wire method”, wherein a two-end-tethered, twist-spun
yarn, under constant tensile load was electrically heated to
above themelting point of the paraffinwax and then brought into
contact with a small amount of solid paraffin. Upon touching the
heated yarn with akes of solid paraffin or droplets of molten
paraffin, the paraffin quickly spread through and absorbed into
the yarn.4 Care must be taken to avoid adding too much paraffin,
since excess paraffin on the yarn surface degraded actuation. In
such cases, heating the yarn to above the evaporation

Fig. 1 (A) SEMmicrograph of a MWNT forest and (B) SEMmicrograph of a carbon nanotube yarn that was symmetrically twist spun from aMWNT
forest. Schematic diagram of spinning of a MWNT yarn from a multi-walled carbon nanotube forest (C); and idealized cross-sections for Fermat
(D) and dual-Archimedean (E) scroll structures spun symmetrically and highly asymmetrically, respectively, from a carbon nanotube forest. (F)
SEM micrograph of a coiled, wax-infiltrated hybrid MWNT yarn. These figures have been reproduced from ref. 3 and 21 with permission from
AAAS and The Royal Society of Chemistry respectively.
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(A) SEM micrograph of a MWNT forest and (B) SEM micrograph of a carbon nanotube yarn that was 
symmetrically twist spun from a MWNT forest. Schematic diagram of spinning of a MWNT yarn from a multi-
walled carbon nanotube forest (C) 



observations of the yarn surface, despite the complex nature of
the realized yarn structure, which contains stochastic elements
due to such processes as sheet pleating during twist insertion. A
strictly topological equation to predict a from only d and T does
not exist for a dual-Archimedean scroll, since the number of
turns inserted by plying two Archimedean scrolls into a dual-
Archimedean scroll (versus the initial number of turns that
provide twist in each Archimedean scroll) is a consequence of
yarn energetics.

Coiled yarns (Fig. 1F) were typically fabricated from non-
coiled, twist-spun yarns under constant load by inserting
additional twist until the yarn contracted to 30–40% of its
original length. For a dual-Archimedean yarn of 100 mm diam-
eter and made under 4 g load by twist insertion in a stack of 40
co-oriented, 9 mm wide, 15 cm long sheets, coiling started at
!580 turns and the yarn was completely coiled aer!620 turns.
Complete coiling produced an !60% contraction in yarn
length.4

Some studies have used guest materials incorporated into
the porous MWNT yarn host. The guest typically provides
volumetric expansion upon heating or swelling, with this
expansion being constrained in the direction of nanotube

orientation, which in turn acts to amplify torsion, as discussed
below. Examples demonstrated to date include water-sensitive
poly(ethylene glycol), hydrogen-absorbing palladium, and
thermo-sensitive polydiacetylene and paraffin, with most
attention to date focussed on the latter. Various commercially
obtained waxes (like those used for canning and candles) were
successfully used as thermo-sensitive guest materials contained
within the MWNT yarn host. Most studies have used Sigma-
Aldrich 411671 wax, which comprises a mixture of alkanes,
fully melts at !83 "C, expands by !20% between 30 and 90 "C
during solid-state transitions and melting, and provides !10%
additional volume expansion between 90 and 210 "C.4

MWNT yarns were typically inltrated with paraffin wax using
the “hot wire method”, wherein a two-end-tethered, twist-spun
yarn, under constant tensile load was electrically heated to
above themelting point of the paraffinwax and then brought into
contact with a small amount of solid paraffin. Upon touching the
heated yarn with akes of solid paraffin or droplets of molten
paraffin, the paraffin quickly spread through and absorbed into
the yarn.4 Care must be taken to avoid adding too much paraffin,
since excess paraffin on the yarn surface degraded actuation. In
such cases, heating the yarn to above the evaporation

Fig. 1 (A) SEMmicrograph of a MWNT forest and (B) SEMmicrograph of a carbon nanotube yarn that was symmetrically twist spun from aMWNT
forest. Schematic diagram of spinning of a MWNT yarn from a multi-walled carbon nanotube forest (C); and idealized cross-sections for Fermat
(D) and dual-Archimedean (E) scroll structures spun symmetrically and highly asymmetrically, respectively, from a carbon nanotube forest. (F)
SEM micrograph of a coiled, wax-infiltrated hybrid MWNT yarn. These figures have been reproduced from ref. 3 and 21 with permission from
AAAS and The Royal Society of Chemistry respectively.
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Idealized cross-sections for Fermat (D) and dual-Archimedean (E) scroll structures spun
symmetrically and highly asymmetrically, respectively, from a carbon nanotube forest. (F) SEM
micrograph of a coiled, wax-infiltrated hybrid MWNT yarn.



The effects of wax inltration and yarn coiling are demon-
strated in Fig. 11. Electrothermal heating of neat twisted yarns
gave small tensile contractions of !0.05%. Filling these same
yarns with paraffin wax caused an order of magnitude increase
in tensile strains under the same input stimulus to around
!0.5% [Fig. 11A]. A further order of magnitude increase
occurred by coiling the wax-lled yarns. As shown in Fig. 11B,
the twisted yarns again produced tensile strains of approxi-
mately !0.5%. By inserting additional twist to induce coiling,
the tensile actuation increased to the range !3% to !5%,
depending upon the applied stress. Coiling of the yarns clearly
enhances tensile strokes, but coiling also decreases the tensile
stiffness in comparison with the same mass of non-coiled yarns
of the same yarn diameter. Interestingly, the specic work
output of the coiled yarns was 3–4 times higher than that of the
equivalent non-coiled yarn [Fig. 11B] despite the reduced stiff-
ness of the former.

As for the torsional actuation in hybrid twisted yarns, fast
and stable tensile actuation was also observed. Tensile actua-
tion at 1200 cycles per minute and 3% stroke was demonstrated
for over 1.4 million cycles [Fig. 12A] using a two-end-tethered,
wax-lled, coiled yarn that lied 17 700 times its own weight.4

This high-rate was produced by applying fast voltage pulses to
these small diameter yarns (11.5 mm and 20 mm yarn and coil
diameters, respectively) so that passive cooling to room
temperature occurred in just 25 ms. Applying well-separated 25

ms voltage pulses yielded 1.58% initial contraction [Fig. 12B]
and 0.104 kJ kg!1 of mechanical energy during this contraction
at an average power output of 4.2 kW kg!1. The actuator
performance of this yarn was further optimized by increasing
the applied voltage and mechanical load, while reducing the
pulse duration. Fig. 12B shows a series of actuations wherein
the yarn lis 175 000 times its mass in 30 ms when 32 V cm!1 is
applied for 15 ms. The work during contraction (0.836 kJ kg!1)
provided a power output of 27.9 kW kg!1, which is 85 times the
peak output of mammalian skeletal muscles (0.323 kW kg!1)34

and 30 times the measured power density of previous carbon
nanotube muscles.3 However, the high applied electrical power
reduces cycle life by causing excessive heating and slow paraffin
evaporation. Finally, tensile actuations as large as !10% were
observed in coiled, wax-lled yarns of higher yarn diameter (150
mm), as shown in Fig. 12C. The higher diameters reduced the
passive cooling time and low contractile power density when
both heating and cooling times are considered (0.12 kW kg!1).

4.2.3 Absorption driven tensile actuation in coiled hybrid
MWNT yarns. Solvent absorption has also been used to deliver
large stroke torsional actuation in coiled, hybrid MWNT yarns.35

These hybrid yarns contained a silicone rubber guest material
that could be swollen by exposure to non-polar solvents. High
levels of guest incorporation were possible by rst preparing
a MWNT yarn of low twist and inltrating with uncured silicone
rubber resin. Aer room temperature vulcanisation of the

Fig. 16 The road from graphite to graphene fibers. In the first step, graphite crystals (a) are exfoliated into individual graphene sheets, usually by
chemical modification. Themodified graphene sheets form liquid crystals in solvents with orientational or positional order (b). In the second step,
wet-spinning assembly is employed to make continuous graphene fibers (c) from these graphene-based liquid crystals, which transform order
from the fluid state to order in the solid state. This figure has been reproduced from ref. 36 with permission from Elsevier.

Fig. 17 SEM images of the surface (a) and failure ends (b and c) of wet-spun graphene fibers. The fiber surface is not smooth, and there are plenty
of dentate-bends in the fiber cross section. This figure has been reproduced from ref. 37 with permission from Wiley-VCH.

4604 | Nanoscale Adv., 2019, 1, 4592–4614 This journal is © The Royal Society of Chemistry 2019
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The road from graphite to graphene fibers. In the first step, graphite crystals (a) are exfoliated into individual
graphene sheets, usually by chemical modification. The modified graphene sheets form liquid crystals in solvents
with orientational or positional order (b). In the second step, wet-spinning assembly is employed to make continuous
graphene fibers (c) from these graphene-based liquid crystals, which transform order from the fluid state to order in
the solid state. This figure has been reproduced from ref. 36 with permission from Elsevier.



rubber, the hybrid yarn containing 90–95 wt% rubber was then
twisted to induce coiling. Exposing the silicone-MWNT hybrid
yarns to various solvents followed by solvent evaporation
produced reversible and stable coil contractions and expan-
sions of up to 50% stroke and for over a thousand cycles. The
same samples could also be activated electrothermally to
produce a stroke of 33% and with a faster response than solvent
absorption and desorption. The solvent driven muscles gener-
ated a maximum specic work of 1180 J kg!1 or 4.4 kW kg!1

power output during the contraction part of the cycle. Using
a solvent exchange system, the actuators could also be retained
in a ‘catch state’ where the immersed actuator maintains its
length without requiring any external source of energy. Theo-
retical upper estimates of energy conversion efficiency were up
to 16% for these systems.

5. Single helix model of torsional and
tensile actuation in twisted yarns
All the experimental evidence obtained from neat and hybrid
MWNT yarns indicates that a volume increase causes simulta-
neous partial untwist and length contraction. Not unexpectedly,
the rotation direction for torsional actuators depended upon
the twist direction imparted during yarn spinning. For example,
when viewed from the in-air end of a two-end tethered yarn,
a paddle attached to the midpoint of a S twist yarn (a right
handed yarn) rotated in the clockwise direction when electro-
chemically charged, while a paddle attached to a Z twist yarn (a
le handed yarn) rotated in the counter clockwise direction
[Fig. 13]. In both cases the paddle rotation direction corre-
sponded to untwisting of the yarn during charging.

A simple single helix model provides a reasonable basis to
understand the origin of torsional and tensile actuation
resulting from volume changes in highly twisted yarns. The
model is a major simplication of the real yarn structure that is
composed of multiple intertwined helices that vary in twist rate
and diameter. However, the single helix analogy offers an
analytically simple method to probe how helix volume changes
can relate to end torsion and overall length changes, providing
qualitative predictions of the yarn mechanical response. Fig. 14
illustrates a single ber helically wound though n rotations at
a helix bias angle a to enclose a cylinder of length L and radius r.
The ber length is Ls and the rotation of the ber end with
respect to its starting point at the top is f. The volume enclosed
by the helically wound ber is:

V ¼ Ls
3 sin2(a)cos(a)/4pn2, (2)

since V ¼ pr2L and r ¼ Ls sin(a)/2pn and L ¼ Ls cos(a). Alter-
natively, the cylinder volume can be expressed in terms of ber
length as:

V ¼ L(Ls
2 ! L2)/4pn2. (3)

We are interested in examining the dependence of helix
rotation on the change in helix volume. Rotation is indicated by

a change in the number of turns, with a decrease in n indicating
untwisting of the helix and an increase in n corresponding to an
increase in twist. Using eqn (3), the ratio of the number of turns
aer a volume change to the initial number of turns is:

n

no
¼

!
Vo

V

lLoLs
2 ! l3Lo

3

LoLs
2 ! Lo

3

"1=2

; (4)

where Vo and Lo are for the initial state, V and L are for the
actuated state, and l is the length ratio (L/Lo). Eqn (4) and the
dependence of the yarn bias angle on inserted twist and yarn
diameter provide a means to evaluate the effect of volume
change on relative twist (n/no) and/or relative length (L/Lo) of
analogous twist yarns. In all the following analyses, the initial

Fig. 18 Fabrication and characterization of graphene fiber artificial
muscles, (a) scheme of the graphene fiber fabrication; the arrow
indicates the direction of rotation; (b and c) SEM images of the directly
dried graphene fiber and twisted graphene fiber; (d and e) enlarged
view of the twisted graphene fiber and its surface respectively; (f)
cross-section of a graphene fiber; (g) enlarged cross-section of the
graphene fiber. This figure has been reproduced from ref. 11 with
permission from Wiley-VCH.
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Fabrication and characterization of graphene fibber
artificial muscles,
(a) scheme of the graphene fibber fabrication; the arrow
indicates the direction of rotation;
(b and c) SEM images of the directly dried graphene
fibber and twisted graphene fibber;
(d and e) enlarged view of the twisted graphene fibber
and its surface respectively;
(f) cross-section of a graphene fibber;
(g) enlarged cross-section of the graphene fibber.



length of the ber that forms the single helix is assumed to be
constant.

Fig. 15A shows the values of relative length (L/Lo) that are
expected when rotation is prohibited and for specied values of
the initial helix bias angle and percent volume change. For low
bias angles (less than the “magic angle” 54.73!), increasing yarn
volume will cause the yarn to contract in length. For bias angles
greater than the magic angle, the yarn will increase in length
when the yarn volume is increased if the yarn rotation is pre-
vented. All twisted yarns evaluated to date have starting bias
angles of less than 50! and their contraction with volume
increase is in agreement with the predictions of the single helix
model.

The expected torsional and tensile actuations for three
different starting bias angles are illustrated in Fig. 15B. These
analyses show that an innite combination of nal length and

nal twist is geometrically possible for a given volume change.
As shown in Fig. 15B, for a starting bias angle of 40! which is
typical of MWNT yarns, a volume increase can lead to predicted
yarn untwist and lengthening; untwist and shortening; or
retwist and shortening. Certainly, if length is xed the model
predicts yarn untwist. Similarly, if rotation is prevented the
model predicts a contraction in length. However, it is not yet
clear why the simultaneous torsion and tensile actuation
produces an untwist and shortening when other combinations
are possible, at least in theory.

6. Graphene fiber actuators
6.1 Fabrication of graphene ber actuators

The recent success in assembling graphene sheets into macro-
scopic bres has inspired extensive interest in these materials

Fig. 19 Schematic diagram of a continuously produced hybrid CNT/graphene yarn. (A) Electrospinning setup used for graphene deposition; (B)
MWNT sheet drawn from a spinnable forest and employed as the graphene collector; (C) graphene dispersion (electrospray). This figure has been
reproduced from ref. 38 with permission from Wiley-VCH.

Fig. 20 SEM images of (a) the CNT forest during twist insertion to form pristine yarns, (b) the pristine CNT yarn, and the hybrid carbon nanotube–
graphene yarn: cross-section (c) at low and (f) high magnification; hybrid yarn surface (d) at low and (e) high magnification. This figure has been
reproduced from ref. 38 with permission from Wiley-VCH.
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Schematic diagram of a continuously produced hybrid Carbon Nano Tube (CNT)/graphene yarn. (A) Electrospinning 
setup used for graphene deposition; (B) MWNT sheet drawn from a spinnable forest and employed as the 

graphene collector; (C) graphene dispersion (electrospray).
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greater than the magic angle, the yarn will increase in length
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predicts yarn untwist. Similarly, if rotation is prevented the
model predicts a contraction in length. However, it is not yet
clear why the simultaneous torsion and tensile actuation
produces an untwist and shortening when other combinations
are possible, at least in theory.

6. Graphene fiber actuators
6.1 Fabrication of graphene ber actuators

The recent success in assembling graphene sheets into macro-
scopic bres has inspired extensive interest in these materials

Fig. 19 Schematic diagram of a continuously produced hybrid CNT/graphene yarn. (A) Electrospinning setup used for graphene deposition; (B)
MWNT sheet drawn from a spinnable forest and employed as the graphene collector; (C) graphene dispersion (electrospray). This figure has been
reproduced from ref. 38 with permission from Wiley-VCH.

Fig. 20 SEM images of (a) the CNT forest during twist insertion to form pristine yarns, (b) the pristine CNT yarn, and the hybrid carbon nanotube–
graphene yarn: cross-section (c) at low and (f) high magnification; hybrid yarn surface (d) at low and (e) high magnification. This figure has been
reproduced from ref. 38 with permission from Wiley-VCH.
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SEM images of (a) the CNT forest during twist insertion to form pristine yarns, (b) the pristine CNT yarn, and 
the hybrid carbon nanotube– graphene yarn: cross-section (c) at low and (f) high magnification; hybrid yarn 

surface (d) at low and (e) high magnification.



3. ELECTRO-CONJUGATE FLUID 
• The electro-conjugate fluid (ECF) is a kind of dielectric fluids, which works as a smart fluid

(functional fluid). Applying high voltage (several kV) between electrodes inserted into the fluid,
we can observe an active jet flow between the electrodes. Although a high voltage is needed
to generate the jet flow, the current consumption is quite low (several A). The qualitative
phenomenon itself is known as an electro-hydrodynamics (EHD) effect [12].

A major advantage the proposed micro artificial muscle actuator is that it includes the micro
pressure source inside the actuator. This enables us to construct a compact artificial muscle, and
then, it is easy to apply the actuator to autonomous systems. Furthermore, we can arrange the
micro artificial muscle actuators in an array to obtain larger stroke or force just like natural
systems do.
The maximum normalized contraction and normal force obtained were about 0.16 of the initial
length and 0.2 N, respectively.
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 The relationship between the inner pressure and normal 
force generated was experimentally determined with the 
developed silicone rubber tube #3 using a hydro-column.  
Fig. 9 shows the experimental results. The fiber-reinforced 
silicone rubber tube linearly generated the normal force 
along the z-axis as the inner pressure increased. 0.17 N is 
obtained with the inner pressure of 8 kPa. 

B. Micro Pressure Source 
 In order to construct the micro artificial muscle actuator 
following the above concept, a micro pressure source 
generating up to 10 kPa is needed. Hence, we designed a 
micro pressure source using electro-conjugate fluid as 
shown in Fig. 10. The pressure source (or jet generator) is 
basically composed of a pair of needle- and ring-type 
electrodes, and an electrode spacer. The needle-type 
electrode is made of tungsten. The mount for needle-type 
electrode and the ring-type electrode are of brass, and the 
spacer is of polyetherimide resin (engineering plastic). The 
diameter and length of needle-type electrode are 0.13 mm 
and 0.7 mm, respectively. The inner diameter and thickness 
of ring-type electrode are 0.3 mm and 0.2 mm, respectively. 
The electrode spacer keeps the gap between electrodes to be 
0.2 mm. With high voltage between the electrodes (“High” 
and “GND” are connected to the ring and the needle, 
respectively), a powerful jet flow is generated from the 
needle- to the ring-type electrode. The fiber reinforced 
silicone rubber tube is placed at the downstream of the jet 
flow. As a result, the inner pressure of tube can be 
increased. 

 With the design parameters of electrodes mentioned 
above, about 10 kPa was obtained at 5 kV using dibutyl 
decanedioate as shown in Fig. 11. The relation between 
applied voltage and pressure showed a quadratic curve. 

C. Flexible Tank 
 The micro pressure source needs a tank of electro-
conjugate fluid at the upstream. If the fiber deforms from a 
straight line to a semicircle as described in section III, the 
volume of the tank should be at least 314 mm3. In addition, 
the tank should have flexibility in order not to disturb the 
deformation of fiber-reinforced silicone rubber tube. 
Accordingly, we designed a flexible tank of electro-
conjugate fluid as shown in Fig. 12. The tank was made of 

silicone rubber with 45 Pm in thickness. 

D. Prototype of Micro Artificial Muscle Actuator 
 Up to now we discussed each component of the micro 
artificial muscle actuator proposed in this study. In what 
follows, a complete prototype will be discussed. Fig. 13 
depicts the prototype. It mainly consists of the fiber-
reinforced silicone rubber tube, the micro pressure source, 
and the flexible tank designed above. A large external ECF 
tank was connected to the micro pressure source so that we 
can easily regulate the pre-pressure of the fiber-reinforced 
silicone rubber tube. In case of practical use, the external 
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4. ROBOTIC ARTIFICIAL MUSCLES
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(b) Dielectric elastomer actuator (DEA)
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(c) Ionic polymer-metal composite (IPMC)
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(d) Shape memory alloy (SMA)
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(e) Shape memory polymer (SMP)
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(f) Soft fluidic actuator
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(g) Twisted string actuator (TSA)
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(h) Super-coiled polymer (SCP)
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(i) Skeletal muscle

Fig. 1. An overall comparison of robotic artificial muscles and skeletal muscles in terms of their power density, bandwidth, strain, stress, linearity, and energy
efficiency. This figure should be used as a high-level comparison between actuators, keeping in mind that variations on individual actuators may shift their
characteristic charts slightly. For example, (a) piezoelectric actuators have the highest bandwidth (note the scale difference) and efficiency [27], but exhibit
low strain and low power density [28]. (b) DEAs produce large strain, reasonably high bandwidth, and high efficiency, but require high voltage [29]. (c) IPMC
actuators require low working voltage and can work in aquatic environment, but have low power density and stress [30]. (d) SMA actuators have the highest
power density and stress [31], but also high nonlinearity and low efficiency (lower than 1.3%) [18], (e) SMP actuators can produce very large strain [29],
but can be slow [32]. (f) Soft fluidic actuators have high power density and good bandwidth, but the required compressors or air sources reduce the effective
power to weight ratio [33], [34]. (g) TSAs are intrinsically compliant with good efficiency, but have limited bandwidth and contraction stroke [35], [36]. (h)
SCP actuators demonstrate large actuation range and significant mechanical power, but have limited bandwidth and low efficiency which ranges from 0.71%
to 1.32% [37], [38].

putation [55]. The macroscopic model is more popular than
the other two approaches. The first macroscopic model for
piezoelectric actuator was proposed in [62]. However, the
model could not reliably describe system dynamics and nonlin-
earities include hysteresis, creep, and vibration. To capture the
hysteresis, both physics-based models and phenomenological
models have been proposed [55]. The physics-based models
only work for particular materials [63], and thus their uses are
limited. Phenomenological models, such as Preisach model,
neural network model, and Prandtl-Ishlinskii model [64], [65],
are more widely adopted. To characterize creep, both linear
and nonlinear models have been developed [66]. To describe
the vibrational dynamics, distributed linear models and lumped
linear dynamics models have been proposed [67].

4) Control: To realize position control of piezoelectric
actuators, both feedforward control and feedback control have
been utilized. Feedforward control is often used to compen-
sate for the nonlinearities and vibrational dynamics [68]. By
modeling the inverse mapping of the nonlinear relationship,
the inverse model can be used as a feedforward controller
[69]. For example, to compensate for hysteresis, a numerical
inverse of the Preisach model was proposed [57], and an
iterative learning strategy was employed to invert the Preisach
model [70]. By inverting the hysteresis and creep, desirable
performance was obtained [71], [72].

To improve accuracy and robustness, feedback control can
be further employed. Proportional-integral-derivative (PID)
controllers are widely adopted mainly due to their simplicity

This figure should be used as a high-level comparison between
actuators, keeping in mind that variations on individual actuators
may shift their characteristic charts slightly;
(a) Piezoelectric actuators, PA have the highest bandwidth and

efficiency [27], but exhibit low strain and low power density
[28].

(b) Dielectric elastomer actuator, DEAs produce large strain,
reasonably high bandwidth, and high efficiency, but require high
voltage [29].

(c) Ionic polymer metal composite, IPMC actuators require low
working voltage and can work in aquatic environment, but have
low power density and stress [30].

(d) Shape memory alloy, SMA actuators have the highest power
density and stress [31], but also high nonlinearity and low
efficiency (lower than 1.3%) [18],

(e) Shape memory polymer, SMP actuators can produce very large
strain [29], but can be slow [32].

(f) Soft fluidic actuators, SFA have high power density and good
bandwidth, but the required compressors or air sources reduce
the effective power to weight ratio [33], [34].

(g) Twisted string actuator, TSAs are intrinsically compliant with
good efficiency, but have limited bandwidth and contraction
stroke [35], [36].

(h) Super coiled polymer, SCP actuators demonstrate large
actuation range and significant mechanical power, but have
limited bandwidth and low efficiency which ranges from 0.71%
to 1.32% [37], [38].
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Fig. 2. Working mechanisms and achievable motions of robotic artificial muscles. (a). Piezoelectric actuators can produce motion under electric fields due to
the converse piezoelectric effect [39] (top). Bending motions can be realized [12] (bottom). (b). DEA reduces thickness when the differential voltage is applied
between the electrodes due to the Coulomb charge attraction effect [40] (top). Bending motion can be realized [9] (bottom). (c). IMPC actuator produces
bending motions under an electrical field due to the the fluid-induced swelling force and the electrostatic force [41] (top). Multiple-degree-of-freedom motions
can be realized [42]. (d). SMA actuators can produce contractions and elongations under temperature changes due to phase transition. Bending and rotary
motions can be realized [11], [31]. (e). SMP actuators can undergo a recoverable deformation and produce complex bending, twisting, folding motions due
to shape memory effect [43]. (f). Soft fluidic actuators can produce linear motions under different pressure environments [44]. Bending [45] and twisting
motions [46] can be realized. (g). TSA produces linear motions by converting the rotary motion into a linear tensile force [47], [48]. (h). SCP actuators are
constructed from twisting polymer fibers or filaments [38]. They can generate linear, bending, and torsional motions due to the thermal expansion property
and geometric coil configuration [37], [49]–[51].

4

Linear Motion 

Bending Motion 

(a) Piezoelectric actuator

DEA Bending Motion  

Voltage on 

Voltage off 

(b) DEA (c) IPMC actuator

Linear 
Motion 

Rotary 
Motion 

Bending 
Motion 

Heated 
SMA 

Non-heated 
SMA 

(d) SMA actuator (e) SMP actuator

Linear 
Motion 

Twisting Motion Bending Motion 

(f) Soft fluidic actuator

StringMotor Load

Actuation Length
Twist 
(rad)

(g) TSA

SCP actuator Linear motion 

Bending motion Amplified motion 

[unheated] [heated]

(h) SCP actuator

Fig. 2. Working mechanisms and achievable motions of robotic artificial muscles. (a). Piezoelectric actuators can produce motion under electric fields due to
the converse piezoelectric effect [39] (top). Bending motions can be realized [12] (bottom). (b). DEA reduces thickness when the differential voltage is applied
between the electrodes due to the Coulomb charge attraction effect [40] (top). Bending motion can be realized [9] (bottom). (c). IMPC actuator produces
bending motions under an electrical field due to the the fluid-induced swelling force and the electrostatic force [41] (top). Multiple-degree-of-freedom motions
can be realized [42]. (d). SMA actuators can produce contractions and elongations under temperature changes due to phase transition. Bending and rotary
motions can be realized [11], [31]. (e). SMP actuators can undergo a recoverable deformation and produce complex bending, twisting, folding motions due
to shape memory effect [43]. (f). Soft fluidic actuators can produce linear motions under different pressure environments [44]. Bending [45] and twisting
motions [46] can be realized. (g). TSA produces linear motions by converting the rotary motion into a linear tensile force [47], [48]. (h). SCP actuators are
constructed from twisting polymer fibers or filaments [38]. They can generate linear, bending, and torsional motions due to the thermal expansion property
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(a). Piezoelectric actuators can produce motion under electric fields due to the converse piezoelectric effect [39] (top).
Bending motions can be realized [12] (bottom). (b). Dielectric elastomer actuator, DEA reduces thickness when the
differential voltage is applied between the electrodes due to the Coulomb charge attraction effect [40] (top). Bending
motion can be realized [9] (bottom). (c). Ionic polymer metal composite, IMPC actuator produces bending motions under an
electrical field due to the the fluid-induced swelling force and the electrostatic force [41] (top). Multiple-degree-of-freedom
motions can be realized [42].
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(d). Shape memory alloy, SMA actuators can produce contractions and elongations under temperature changes due to
phase transition. Bending and rotary motions can be realized [11], [31]. (e). Shape memory polymer, SMP actuators can
undergo a recoverable deformation and produce complex bending, twisting, folding motions due to shape memory effect
[43]. (f). Soft fluidic actuators can produce linear motions under different pressure environments [44]. Bending [45] and
twisting motions [46] can be realized.
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(g). Twisted string actuator, TSA produces linear motions by converting the rotary motion into a linear tensile force
[47], [48]. (h). Super coiled polymer, SCP actuators are constructed from twisting polymer fibers or filaments [38]. They
can generate linear, bending, and torsional motions due to the thermal expansion property and geometric coil
configuration [37], [49]–[51].
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Fig. 5. Robotic applications of SMA and SMP actuators: (a) An
SMA-actuated Neurosurgical Intracerebral Hemorrhage Evacuation (NICHE)
robot [125]. (b) A four-fold robotic origami with bi-directional actuators
formed by antagonistic SMA sheets [139]. (c) A two DoFs inchworm-like
crawling robot [136]. (d) A wearable wrist exoskeleton prototype [233].

biomimetic robots have been developed and driven by SMA
actuators [231]. As shown in Fig. 5(c), Omegabot can crawl
at speed up to 5 mm/s [136]. SMA actuators are widely
employed in robotic hands, manipulators [232], and robotic
exoskeletons [233], as shown in Fig. 5(d).

The utilization of SMP actuators for robotics is still limited.
The main application is for biomedical devices and robotic
origamis [13]. For example, an SMP actuator was developed
for a biodegradable and elastic suture tool [234]. An SMP-
based microactuator was developed to remove blood vessel
clots [235]. Exploiting the large recoverable strain, SMPs have
been used for stent applications. The cardiovascular stent was
preprogrammed to achieve natural deployment [236].

D. Soft Fluidic Actuators
There have been many successful robotic applications uti-

lizing soft fluidic actuators, such as manipulators and grippers,
biomimetic robots, and wearable and assistive robots. The use
of pneumatic actuators allows for a lightweight and compliant
robotic arm which is safe for use in direct contact with
humans. Fully soft arms have been realized, such as tenta-
cle continuum robots [237], and arms with multiple distinct
inflated segments and joints [238]. To create fully soft robotic
arms, soft end effectors typically employ bending Pneu-net
type actuators as the fingers of a gripper [239], as shown in
Fig. 6(a).

Different biomimetic robots have been developed using
pneumatic actuators [152]. Several robots have been developed
and driven by Pneu-net actuators to mimic the swimming
motion of a range of sea life such as a soft robot mimicking
a manta ray [243]. A combustion based jumping robot has
been investigated in the search for a greater jump height
and horizontal displacement [240], as shown in Fig. 6(b).
PAMs were also used in bipedal robot locomotion [244].
Furthermore, the unrestricted rotary motion has been achieved

(a)

(c) (d)

(b)

Fig. 6. Robotic applications of soft fluidic actuators: (a) A robotic hand driven
by bending Pneu-net type actuators [239]. (b) A 3D-printed, functionally
graded soft robot powered by combustion [240]. (c) A pneumatically actuated
robot [241]. (d) Robotic soft exosuit driven by McKibben actuators for
walking assistance [242].

using purely soft actuators by Gong, et al. [245], and fully soft
robots have been created to produce quadruped motion [241],
as shown in Fig. 6(c).

PAMs have been used in wearable robots. Robotic grip
assistance has been achieved using pneumatic actuators [173],
[246]. In work [242], a number of McKibben actuators were
mounted in parallel to a custom harness to assist with walking,
as shown in Fig. 6(d). PAMs have been used to create an ankle
assistive device to combat foot drop in patients with neuro-
muscular disorders [247]. PAMs have also been employed in
medical devices for cardiac assistance [248].

E. TSAs
A multi-fingered robotic hand driven by TSAs was de-

veloped [249], as shown in Fig. 7(a). Several pinching and
grasping tasks were demonstrated. Recently, Jeong et al.
developed a robotic hand [178]. Fig. 7(b) shows their an-
thropomorphic hand, which used active dual-mode twisted
actuation for compromising the tradeoff between torque and
speed of TSA. The flexibility feature of TSA is very useful for
assistive and power augmentation devices. SRI has developed
a soft Exo suit, called FlexDrive [250]. Gaponov et al. have
proposed a soft portable upper-limb exosuit targeting in-home
rehabilitation with shoulder-elbow assistance [251], as shown
in Fig. 7(c). TSA is continuously finding new application
areas. TSAs can be used to create different tensegrity robots,
developed by NASA [252], as shown in Fig 7(d).

F. SCP Actuators
The robotic applications utilizing SCP actuators have been

increasing rapidly. The most popular applications are robotic
fingers, hands, and arms. The first robotic hand and arm
with SCP actuation were demonstrated in [183], as shown
in Fig. 8(a). A robotic finger driven by SCP actuators was
shown in Fig. 8(b). SCP actuators were utilized for driving

Robotic applications of Shape meory
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polimer, SMP actuators:
(a) An shape memory alloys (SMA)-

actuated Neurosurgical
Intracerebral Haemorrhage
Evacuation (NICHE) robot [125].

(b) A four-fold robotic origami with
bi-directional actuators formed by
antagonistic shape memory alloys
SMA sheets [139].

(c) A two DOF inchworm-like
crawling robot [136].

(d) A wearable wrist exoskeleton
prototype [233].
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biomimetic robots have been developed and driven by SMA
actuators [231]. As shown in Fig. 5(c), Omegabot can crawl
at speed up to 5 mm/s [136]. SMA actuators are widely
employed in robotic hands, manipulators [232], and robotic
exoskeletons [233], as shown in Fig. 5(d).

The utilization of SMP actuators for robotics is still limited.
The main application is for biomedical devices and robotic
origamis [13]. For example, an SMP actuator was developed
for a biodegradable and elastic suture tool [234]. An SMP-
based microactuator was developed to remove blood vessel
clots [235]. Exploiting the large recoverable strain, SMPs have
been used for stent applications. The cardiovascular stent was
preprogrammed to achieve natural deployment [236].

D. Soft Fluidic Actuators
There have been many successful robotic applications uti-

lizing soft fluidic actuators, such as manipulators and grippers,
biomimetic robots, and wearable and assistive robots. The use
of pneumatic actuators allows for a lightweight and compliant
robotic arm which is safe for use in direct contact with
humans. Fully soft arms have been realized, such as tenta-
cle continuum robots [237], and arms with multiple distinct
inflated segments and joints [238]. To create fully soft robotic
arms, soft end effectors typically employ bending Pneu-net
type actuators as the fingers of a gripper [239], as shown in
Fig. 6(a).

Different biomimetic robots have been developed using
pneumatic actuators [152]. Several robots have been developed
and driven by Pneu-net actuators to mimic the swimming
motion of a range of sea life such as a soft robot mimicking
a manta ray [243]. A combustion based jumping robot has
been investigated in the search for a greater jump height
and horizontal displacement [240], as shown in Fig. 6(b).
PAMs were also used in bipedal robot locomotion [244].
Furthermore, the unrestricted rotary motion has been achieved
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by bending Pneu-net type actuators [239]. (b) A 3D-printed, functionally
graded soft robot powered by combustion [240]. (c) A pneumatically actuated
robot [241]. (d) Robotic soft exosuit driven by McKibben actuators for
walking assistance [242].

using purely soft actuators by Gong, et al. [245], and fully soft
robots have been created to produce quadruped motion [241],
as shown in Fig. 6(c).

PAMs have been used in wearable robots. Robotic grip
assistance has been achieved using pneumatic actuators [173],
[246]. In work [242], a number of McKibben actuators were
mounted in parallel to a custom harness to assist with walking,
as shown in Fig. 6(d). PAMs have been used to create an ankle
assistive device to combat foot drop in patients with neuro-
muscular disorders [247]. PAMs have also been employed in
medical devices for cardiac assistance [248].

E. TSAs
A multi-fingered robotic hand driven by TSAs was de-

veloped [249], as shown in Fig. 7(a). Several pinching and
grasping tasks were demonstrated. Recently, Jeong et al.
developed a robotic hand [178]. Fig. 7(b) shows their an-
thropomorphic hand, which used active dual-mode twisted
actuation for compromising the tradeoff between torque and
speed of TSA. The flexibility feature of TSA is very useful for
assistive and power augmentation devices. SRI has developed
a soft Exo suit, called FlexDrive [250]. Gaponov et al. have
proposed a soft portable upper-limb exosuit targeting in-home
rehabilitation with shoulder-elbow assistance [251], as shown
in Fig. 7(c). TSA is continuously finding new application
areas. TSAs can be used to create different tensegrity robots,
developed by NASA [252], as shown in Fig 7(d).

F. SCP Actuators
The robotic applications utilizing SCP actuators have been

increasing rapidly. The most popular applications are robotic
fingers, hands, and arms. The first robotic hand and arm
with SCP actuation were demonstrated in [183], as shown
in Fig. 8(a). A robotic finger driven by SCP actuators was
shown in Fig. 8(b). SCP actuators were utilized for driving
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Fig. 7. Robotic applications of TSAs: (a). Lightweight robotic hands [249].
(b). Anthropomorphic robot hand [178]. (c). Auxilio exosuit [251]. (d). A
rolling tensegrity robot [252].
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Fig. 8. Robotic applications of SCP actuators: (a) A robot hand [183]. (b) A
biomimetic robotic finger [191]. (c) SCP actuators attached to a fabric glove as
an assistive device [182]. (d) SCP actuators embedded in soft silicone [254].

robotic fingers and hands in [185], [191], [253]. SCP actuators
have been studied for assistive robots. A woven SCP actuator
could provide assistance to human finger [182], as shown in
Fig. 8(c). The design of a wearable wrist orthosis was demon-
strated in [184]. In addition, SCP actuators were employed
in soft robotics and underwater robotics. By embedding SCP
actuators in the soft silicone skin, soft actuators were created
that could produce different undulatory and bending motions
[254], [255], as shown in Fig. 8(d).

IV. FUTURE EFFORTS AND PROSPECTS

A. Piezoelectric Actuators

One challenge to adopt piezoelectric actuators for robotic
applications is the small range of motion. A simple approach
is to stack multiple layers to obtain a multiplied range of
motion. However, even using a large number of layers would

still produce a small displacement. Other designs such as
bending cantilevers and nested-type “flextensional” actuators
can produce 5-10% displacement [28], [59], [76]. However,
by enlarging the range of motion, the produced force will be
decreased. This type of amplification method is also necessary
for other actuators exhibiting low strain that are used for
applications requiring moderate to large range of motion.

Creating actuators that are robust to damage is also chal-
lenging. Piezoelectric materials are generally brittle. Although
multiple variations on piezoelectric cantilevers have been
proposed to enhance the robustness [78], [79], there are studies
that demonstrate the stress-dependence of mechanical and
piezoelectric properties [256]. While tensile stress increases
fragility, it also increases the coupling coefficients, suggest-
ing a tradeoff between the performance and robustness with
respect to pre-stress [63].

Another challenge is the difficulty to reconcile the need
for high voltages. Piezoelectric actuators are driven at high
electric fields (typically on the order of 1 MV/m) to maximize
power density. For example, a piezoelectric material with a
thickness of approximately 100 µm often requires an operating
voltage of 100 V. Due to the high voltage requirement, the
usage of the drive circuitry can cause safety, efficiency, and
complexity concerns. Multiple commercially-available high
voltage power supplies exist. However, given the brittle nature
of most piezoelectric actuators, it is important to consider
the nature of the drive signal. For example, depending on
the loading conditions, if the drive signal contains frequency
content near the resonant frequency of the actuator, there is a
risk of damage from amplified motion.

B. EAP Actuators

The main challenges of adopting DEAs for robotic ap-
plications are the need for pre-stress, difficulty in creating
compatible and robust electrodes, and the required high volt-
age in operation. Firstly, it is difficult to bias the elastomer
to produce an appropriate amount of pre-stress to optimize
the actuator performance. Although rigid frames and internal
reinforcements could be used [86], these strategies often result
in cumbersome mechanisms. Secondly, it is difficult to produce
robust electrodes that are compatible with the high strains
during operation. Most DEAs utilize liquid suspensions of con-
ductive particles such as carbon grease. This could decrease
the bandwidth [257]. Studies have been proposed to improve
the physical robustness of the electrodes [9], [109], but these
strategies would result in extremely thin layers, causing diffi-
culties in impeding the motion of the actuator or adhesion
to additional elastomer layers. Thirdly, operating DEAs at
practical voltages is challenging. The existing methods are
either to increase the dielectric constant or to decrease the layer
thickness. Increasing the dielectric constant often involves the
tradeoffs of other material properties. Reducing the thickness
of the elastomer layers decreases the force output.

The full potential of IPMC actuators is challenged by the
limited motion and force outputs, difficulty in modeling and
control, and low physical robustness. First, IPMC actuator has
a limited range of motion and force [87]. To increase the force

Robotic applications of twisted 
string actuators, TSAs:
(a). Lightweight robotic hands 
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(b). Anthropomorphic robot hand 
[178].
(c). Auxilio exosuit [251].
(d).A rolling tensegrity robot [252].
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robotic fingers and hands in [185], [191], [253]. SCP actuators
have been studied for assistive robots. A woven SCP actuator
could provide assistance to human finger [182], as shown in
Fig. 8(c). The design of a wearable wrist orthosis was demon-
strated in [184]. In addition, SCP actuators were employed
in soft robotics and underwater robotics. By embedding SCP
actuators in the soft silicone skin, soft actuators were created
that could produce different undulatory and bending motions
[254], [255], as shown in Fig. 8(d).

IV. FUTURE EFFORTS AND PROSPECTS

A. Piezoelectric Actuators

One challenge to adopt piezoelectric actuators for robotic
applications is the small range of motion. A simple approach
is to stack multiple layers to obtain a multiplied range of
motion. However, even using a large number of layers would

still produce a small displacement. Other designs such as
bending cantilevers and nested-type “flextensional” actuators
can produce 5-10% displacement [28], [59], [76]. However,
by enlarging the range of motion, the produced force will be
decreased. This type of amplification method is also necessary
for other actuators exhibiting low strain that are used for
applications requiring moderate to large range of motion.

Creating actuators that are robust to damage is also chal-
lenging. Piezoelectric materials are generally brittle. Although
multiple variations on piezoelectric cantilevers have been
proposed to enhance the robustness [78], [79], there are studies
that demonstrate the stress-dependence of mechanical and
piezoelectric properties [256]. While tensile stress increases
fragility, it also increases the coupling coefficients, suggest-
ing a tradeoff between the performance and robustness with
respect to pre-stress [63].

Another challenge is the difficulty to reconcile the need
for high voltages. Piezoelectric actuators are driven at high
electric fields (typically on the order of 1 MV/m) to maximize
power density. For example, a piezoelectric material with a
thickness of approximately 100 µm often requires an operating
voltage of 100 V. Due to the high voltage requirement, the
usage of the drive circuitry can cause safety, efficiency, and
complexity concerns. Multiple commercially-available high
voltage power supplies exist. However, given the brittle nature
of most piezoelectric actuators, it is important to consider
the nature of the drive signal. For example, depending on
the loading conditions, if the drive signal contains frequency
content near the resonant frequency of the actuator, there is a
risk of damage from amplified motion.

B. EAP Actuators

The main challenges of adopting DEAs for robotic ap-
plications are the need for pre-stress, difficulty in creating
compatible and robust electrodes, and the required high volt-
age in operation. Firstly, it is difficult to bias the elastomer
to produce an appropriate amount of pre-stress to optimize
the actuator performance. Although rigid frames and internal
reinforcements could be used [86], these strategies often result
in cumbersome mechanisms. Secondly, it is difficult to produce
robust electrodes that are compatible with the high strains
during operation. Most DEAs utilize liquid suspensions of con-
ductive particles such as carbon grease. This could decrease
the bandwidth [257]. Studies have been proposed to improve
the physical robustness of the electrodes [9], [109], but these
strategies would result in extremely thin layers, causing diffi-
culties in impeding the motion of the actuator or adhesion
to additional elastomer layers. Thirdly, operating DEAs at
practical voltages is challenging. The existing methods are
either to increase the dielectric constant or to decrease the layer
thickness. Increasing the dielectric constant often involves the
tradeoffs of other material properties. Reducing the thickness
of the elastomer layers decreases the force output.

The full potential of IPMC actuators is challenged by the
limited motion and force outputs, difficulty in modeling and
control, and low physical robustness. First, IPMC actuator has
a limited range of motion and force [87]. To increase the force
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6. CONCLUSION

Robotic artificial muscles offer a balance of actuation performance, power-to-weight ratio, and
inherent compliance in muscle-form factors, thus are strongly desirable as biomimetic actuators for
various robotic applications.

The study and utilization of robotic artificial muscles have grown significantly in the last decade.

To achieve the full potential, fundamental studies are still needed to study how to fabricate, model,
control, and design artificial muscles to obtain muscle-like properties and achieve muscle-like
behaviours. For example, a common challenge faced by the majority of robotics artificial muscles is the
fabrication, integration, and calibration of proprioceptive sensors for feedback-controlled actuation.

Soft strain sensors have been developed for robotic manipulators actuated by pneumatic artificial
muscles, PAMs, but there often exists a trade off between the sensor stretchability and sensitivity.
Solving these challenges has the potential of accelerating the quest for human-like and animal-like
robotic behaviours and the distribution of robots into the public.


