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1. Introduction

Artificial muscle is a generic term for a class of materials and 
devices that can reversibly contract, expand, or rotate within 
one component due to an external stimulus (such as voltage, 
current, pressure, temperature, light, etc.).[1] The three basic 
actuation responses – contraction, expansion, and rotation – 
can be combined within a single component to produce other 
types of motions (e.g., bending, by contracting one side of the 
material while expanding the other side).[1] The field of artifi-
cial muscle is highly interdisciplinary and overlaps with various 
fields such as material science, chemical engineering, mechan-
ical engineering, electrical engineering, and chemistry. Here, 
we focus primarily on the scientific aspects of artificial muscles 
that have been developed recently and do not discuss the artifi-
cially made biological muscles for in vivo use in human body. 
Therefore, the terms “artificial muscle” and “actuator” are inter-
changeably used. Topics on dynamic modeling, device design, 
and control system design are excluded. Deeper insights into 
the working mechanism, manufacturing processes, and math-
ematical modeling of artificial muscles can be obtained by 

The area of artificial muscle is a highly interdisciplinary field of research that 
has evolved rapidly in the last 30 years. Recent advances in nanomaterial 
fabrication and characterization, specifically carbon nanotubes and nanow-
ires, have had major contributions in the development of artificial muscles. 
However, what can artificial muscles really do for humans? This question is 
considered here by first examining nature’s solutions to this design problem 
and then discussing the structure, actuation mechanism, applications, and 
limitations of recently developed artificial muscles, including highly oriented 
semicrystalline polymer fibers; nanocomposite actuators; twisted nanofiber 
yarns; thermally activated shape-memory alloys; ionic-polymer/metal compos-
ites; dielectric-elastomer actuators; conducting polymers; stimuli-responsive 
gels; piezoelectric, electrostrictive, magnetostrictive, and photostrictive actua-
tors; photoexcited actuators; electrostatic actuators; and pneumatic actuators.
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referencing comprehensive review books 
and articles on different categories of arti-
ficial muscles.[2–4]

We start by defining some of the 
common metrics used in the field for 
measuring the performance of artificial 
muscles. The definitions are:

Output Strain (ε): The change in length 
upon excitation normalized to the initial 
length.
Output Stress (σ): The generated force 
upon excitation normalized to the initial 
cross-sectional area of the muscle at rest 
(engineering stress, σE) or at the excited 
state (true stress, σT).
Energy (Work) Density (W): The output 
work generated by the muscle upon excita-

tion normalized to the mass or volume of the muscle. The 
volumetric energy density can be evaluated by W = ε × σE. For 
biological muscles and in general muscles with rhythmic ac-
tivities, the work-loop method gives a more accurate estimate 
of the work density (see the Supporting Information).
Power Density (P): The energy (work) density normalized to 
the actuation period.
Catch-State (Lock-Up State): When an actuator holds its actu-
ated state without consuming any energy. Muscles of some 
aquatic organisms such mollusks exhibit a catch-state (they 
hold the shell locked without consuming energy).
Actuation Directionality: Unidirectional, the ability to actively 
contract (e.g., muscle, solenoid) or expand in length; bidirec-
tional, the ability to actively contract and expand (e.g., Lor-
entz force actuators).
Cycle Life: The number of cycles an artificial muscle can sur-
vive before failure.
Efficiency (η): The ratio of output work over input energy  
(the input energy can be in the form of electricity, heat, 
radiation, etc.).
Bandwidth: The range of frequencies that the actuator can be 
excited continuously.

It is important to note that the magnitude of the stimulus 
(e.g., voltage, current, heat, etc.) is also an important parameter 
in selecting the best suited actuator for a specific application.

2. Biological Muscle and Its Properties

To better appreciate the performance of different artificial-
muscle technologies, biological muscles are discussed here 
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first. Muscle consists of a bundle of muscle fibers (single 
cells). Each muscle fiber (20–200 µm diameter) consists of 
myofilaments which are in turn comprised of the contractile 
proteins (including actin, myosin, tropomyosin, and troponin). 
These proteins are organized in a contractile unit called the 
sarcomere (typically around 2 µm long) which consists of 
≈300 myosin molecules. The heads of the myosin molecules 
(called cross-bridges) attach sequentially to adjacent actin 
molecules, generating forces in the piconewton range. Sequen-
tial attachment and detachment of these cross-bridges powered 
by the energy contained in the third phosphate bond of adeno-
sine triphosphate (ATP) generates actuation. This molecular 
contractile mechanism is turned on by action potentials ini-
tiated by the neural input to the muscle fiber. Muscle is an 
example of a linear molecular stepping motor under the control 
of the nervous system. Muscle fibers, when isolated from an 
organism and stimulated artificially, are capable of contracting 
50% of their resting length. However, in most animals, the 
contraction is constrained by the joints to which the muscle 
is attached, as a result, the strain is typically less than 20%. 
Muscle, unlike most artificial muscles, contains sufficient ATP 
for tens of contraction/relaxation cycles.

There are three types of muscle tissues: skeletal, cardiac, 
and smooth. Skeletal muscles account for almost 40% of body 
mass and are the only type of muscle that can be controlled 
voluntarily. The heart is a pump consisting of specialized car-
diac muscle fibers. Smooth muscle tissue is often found in the 
walls of hollow internal organs (e.g., intestine, stomach, res-
piratory passages, and urinary bladder) and is responsible for 
passage of fluids and other substances through the internal 
body channels by slow and sustained involuntary contractions. 
Muscles can only actively contract and because they cannot 
actively expand, they require either an antagonist muscle con-
traction or a stretched tendon (passive spring) to exert a length-
ening force. The muscles found in mammals, most fish, and 
birds always consume energy to generate and maintain force. 
An exception to this is found in mollusks where the muscle for 
controlling the shell closure can go into a catch-state (lock-up 
state) where it continues to maintain the force holding the shell 
closed without any further energy consumption. Aside from 
contracting and performing work, stabilizing joints, main-
taining body posture, and generating heat (when contracting) 
are muscles’ other functions.

Until relatively recently, the primary actuator responsible 
for mobility on the planet was muscle. The skeletal muscles in 
humans, horses, elephants, oxen, and other mammals generate 
maximum forces of around 350 kN m−2. However, in different 
species, the muscle performance varies. Table 1 includes more 
performance metrics for muscles in different organisms.

3. Artificial Muscles: Working Mechanism, 
Properties, and Limitations

Artificial muscles or actuators actively contract and/or actively 
expand in length when excited by a stimulus such as an electric/
magnetic field, thermal energy (via phase change or thermal 
expansion of the active material), electrochemical energy (via 
Faradaic reaction or charge accumulation in the double layer), 

fluid pressure (in the form of pneumatic or swelling pressure), 
and light.[1] An early example of a non-muscle-based actuator 
dates back to early civilizations (e.g., Mesopotamia and ancient 
Egypt) where metallic wedges were inserted into cracks of rocks 
and heated with fire to split them via the thermal expansion in 
the wedge. For thousands of years, biological muscle was the 
major driving force for performing work. For example, battles 
were originally largely fought using muscle welded weapons 
(swords, bows, clubs, etc.).

With the development of explosive gunpowder in the 1400s, 
much higher force and power densities became available. In 
the 1670s, the Dutch mathematician and scientist Christian 
Huygens invented a linear actuator in which the explosion of a 
charge of gunpowder forced a piston to move inside a cylinder. 
Huygens calculated that when exploded, 1 pound of gunpowder 
could raise an object weighing 3000 pounds by 30 feet. This cor-
responds to a gun powder energy density of 270 kJ kg−1, which 
is about 10% of that of modern gunpowder formulations.[5]
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One of the earliest references to modern artificial muscles 
can be found in works of the scientist and engineer Robert 
Hooke. He investigated the physiology of various muscles and 
in the 1670s, proposed a number of schemes to build artificial 
muscles including ones actuated using gunpowder. He claimed 
that he “had a way of making an artificial muscle to command 
the strength of 20 men.”[16]

In the following sections, properties, designs, as well as 
application of different actuators are discussed. Some catego-
ries have evolved rapidly over the past decade while others 
achieved barely noticeable progress. Here, we focus on recent 
results for each category and older technologies are only briefly 
mentioned for the sake of completeness. It is important to 
note that the values we have gathered in the tables for each cat-
egory are the best numbers that authors have reported in their 
articles.

3.1. Highly Oriented Semicrystalline Polymer Fibers

Polyethyelene and nylon fibers, when highly oriented 
along their length, exhibit anisotropic thermal expansion 
behavior.[17–19] For example, Nylon 6,6 (such as those used in 

high-performance fishing lines and sewing threads) can con-
tract in length by up to 2.5% while expand in diameter by up 
to 4.5% (more properties in Table 2).[19] This remarkable prop-
erty has enabled fabrication of linear,[17,18,20,21] torsional,[22] and 
bending[19] actuators from these inexpensive (≈$5 kg−1) polymer 
fibers (Figure 1). For example, coiled nylon actuators, fabricated 
through extreme twisting of nylon 6,6 fibers, have demon-
strated contractile actuation of up to 49% (Figure 1A,B).[17]

3.1.1. Working Mechanism

Some thermoresponsive polymers such as nylon have sem-
icrystalline structure. Upon heating, the crystalline regions 
expand in volume while the amorphous chains shrink in 
length. The amorphous phases are energetically less stable than 
the crystalline phases. Therefore, when highly oriented, the 
fiber shrinks in length while expands in diameter (Figure 1I, 
inset).[19,23] The required heat can be supplied via Joule heating, 
convective heating, or photothermal excitation. In Joule 
heating, current is passed through an electrically resistive mate-
rial that is coated on the surface of the filaments. The resistive 
coatings that are demonstrated so far are multiwalled carbon 
nanotube (MWCNT) yarns,[17] silver plated coating,[17] silver 
paint,[18] silver–niobium nanowire (NW) paint,[19] and nichrome 
wire.[24,25] Unlike in Joule heating, in convective heating, the 
surrounding medium is responsible for providing the heat. For 
example, hot/cold air or liquid such as water transfers the heat 
to the filaments (Figure 1G,H).[17] In photothermal excitation, 
absorption of light at the surface of the actuator creates the 
required heat for actuation. For this type of excitation, surface 
coatings with high light-absorption coefficient are ideal. Gra-
phene coating, due to the color and high thermal conductivity 
of graphene particles, has shown to work well in excitation 
with high power laser diodes.[19] Table 3 contains the results 
obtained for linear artificial muscles from these highly oriented 
semicrystalline polymer fibers.

Twisted-coil nylon fibers are shown to produce torsional 
stroke when differentially heated with hot air along their length 
(more on the mechanism in “Twisted Nano-/Microfiber Yarns” 
Section) for application in energy harvesting from waste heat 
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Table 1.  Biological muscle.

Property Typical Maximum

Strain [%][4] 20 >40

Stress [MPa]

Mammals (e.g., human)[4] 0.1 (sustainable) 0.35

Aquatics (e.g., mollusks) – ≈1

Work density [kJ m−3][4] 8 40

Density [kg m−3][4] 1037 –

Strain rate [% s−1][4] – >50

Specific power [W kg−1]

Human[4] 50 284

Chameleon (tongue)[6] – 14 000a)

Bumblebee – 350

Hummingbird[7] 75 309

Moth[8] 35 90

Cockroach 6.5[8] 19–25[9]

Fish[11] 6 28

Froghopper[12,13] 36 000a) 74 000a)

Planthopper[14] 37 600a) 160 300a)

Bandwidth [Hz]

Human – 20

Midges[15] – 1000

Efficiency [%][4] – 40

Cycle life[4] – >109

Modulus [MPa][4] 10–60 –

a)Note that it is not solely due to the muscle activation: some fraction of energy 
is stored as elastic energy and is released in a very short period of time. The 
maximum power a muscle can produce is typically between 100 and 500 W kg−1 
in all animals.

Table 2.  Properties of Nylon-6,6.

Property Nylon-6,6a)[19]

Thermal conductivity [W m−1 K−1] ≈0.09b)

Thermal diffusivity [mm2 s−1] ≈0.11b)

Density [kg m−3] ≈1150b)

Specific heat capacity [J kg−1 K−1] ≈1531b)

Tg [°C] 49

Storage modulus [MPa] @20 °C 2400

@150 °C 260

Thermal expansion coefficient [K−1] T > Tg >−2.8 × 10−4

T < Tg <−2.8 × 10−5

a)These data are for Nylon 6,6 precursor that is used in ref. [19]; b)At room 
temperature.
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(Figure 1C–F).[22] Table 4 includes the results obtained for these 
actuators.

Aside from linear and torsional actuators, multidirectional 
actuators are also demonstrated from nylon 6,6 filaments.[19] 
It is shown that by changing the cross-sectional area of nylon 
filaments from circle to rectangle or square and differentially 
heating the sides, the actuator can bend in 1D or 2D, respectively 
(Figure 1I–K).[19] Although thermal actuators have small band-
width (on the order of several hertz), high actuation frequencies 

(at the resonance) are demonstrated.[19] This can be achieved by 
adjusting the dimensions of the beam and tuning the natural 
frequency (ωn) according to the following equation[19]

~n 2
ω

ρ
t

L

E

�

(1)

where t is the thickness, L is the length, E is the Young’s mod-
ulus, and ρ is the volumetric mass density of the actuator.[19] 
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Figure 1.  A) Comparison of the negative thermal expansion of braided polyethylene, nylon-6 monofilament, nylon-6,6 monofilament, and silver-coated 
nylon-6,6 multifilament fibers before twisting (inset) and after coiling by twist insertion. B) Tensile stroke and nominal modulus versus temperature for 
a coiled, 300 µm diameter nylon-6,6 monofilament muscle under 7.5 MPa static and 0.5 MPa dynamic load. During contraction, neighboring coils come 
into complete contact at ≈130 °C, which dramatically increases the nominal elastic modulus and causes the thermal-expansion coefficient to become 
positive. Optical microscopy images (top) of the coils are shown before and after contact. C–F) Torsional artificial muscle from nylon used to harvest 
heat. (C) Twisted muscle fiber prepared by inserting 8350 turns m−1 of twist into a 27 µm diameter nylon-6,6 fiber to provide a bias angle of 45°. (D) 
Coiled muscle fiber prepared by inserting an additional 2850 turns m−1 of twist into the above twisted fiber. The outer diameter of the nonloaded coil 
is 62 µm and its spring index is 1.14. (E) The homochiral ZZ fiber configuration used for torsional energy harvesting. The top half of the coiled fiber 
untwists during heating and contracts, while the unheated bottom half serves as a return spring by up-twisting and stretching. (F) The heterochiral SZ 
fiber configuration used for torsional energy harvesting. When fully heated, the coiled S fiber and coiled Z fiber simultaneously untwist to provide the 
same direction torque on the rotor. Red fiber-end attachments prohibit both rotation and translation. G,H) Hydrothermal actuation of a coiled 860 µm 
diameter nylon-6 fishing line lifting a 500 g load by 12% when switched at 0.2 Hz between ≈25 °C water (dyed blue) (G) and 95 °C water (dyed red) 
(H). I–K) Multidirectional artificial muscle from highly oriented nylon: (I) By heating one side of the actuator, the amorphous chains (red lines) shrink 
in length and the crystalline regions (blue lines) expand in volume. The result is surface contraction of the beam at its heated surface which creates the 
bending motion. (J) Schematic of the multidirectional actuator. (K) The coordinate of the tip of the actuator by applying the following input voltages 
to different sides of the actuator (left to right): X-Ch: Vx = Vx0sin(ωt), Y-Ch: Vy = Vy0cos(ωt). (A,B,G,H) Reproduced with permission.[17] Copyright 2014, 
American Association for the Advancement of Science. (C–F) Reproduced with permission.[22] Copyright 2015, Royal Society of Chemistry. (I–K) 
Reproduced with permission.[19] Copyright 2017, Wiley-VCH.
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Table 5 shows the results achieved for bending artificial 
muscles made of nylon fibers.

3.1.2. Limitations

One of the common rate limiting factors in thermal actuators 
is the heat transfer rate during actuation and relaxation. Sub-
merging the actuator in a coolant such as water or ethanol have 
shown to increase the cycling rate,[17,18] but still the bandwidth 
is smaller than that of most other actuators.

During the thermal excitation, heat transfers from the outer 
surface of the filament to the inner part via conduction. The 
time constant for the heat diffusion is

~
4 4

2 2
pτ

α
ρ=t t C

k �

(2)

where t is the thickness, α is the thermal diffusivity, ρ is the 
volumetric mass density, Cp is the specific heat capacity, and k is 
the thermal conductivity. During cooling in air, convective heat 
transfer is the dominant process and has the time constant of

pτ ρ= C
t

h �
(3)

where ρ is the volumetric mass density, t is the thickness, Cp is 
the specific heat capacity, and h is the heat transfer coefficient 
of free air convection at the boundary.

As Equations (2) and (3) suggest, thickness and heat 
transfer coefficient play an important role in determining the 
bandwidth. We can expect in the future that incorporation of 
very high thermally conductive materials such as graphene 
(k = 2000 W m−1 K−1) can result in both faster actuation in 
thermal actuators, thus increasing peak power density, and 
prolonged higher force generation in Lorentz force actuators, 
hence increasing the energy density. As fabrication techniques 
allow for greater level feature size miniaturization, diffu-
sion distances for heat or mass (e.g., ion, molecule) trans-
port decrease with corresponding increased performance via 
Equations (2) and (3). For example, the thermal actuators in 
inkjet printers head have become faster (sub-millisecond) as 
fabrication techniques have created finer structures.

3.1.3. Applications

Smart windows, energy-harvesting systems, linear actuator for 
locks, smart fabrics, and actuators for robotic exoskeletons, and 
arms are some envisioned applications for these actuators.

Adv. Mater. 2018, 30, 1704407

Table 3.  Linear artificial muscle from highly oriented semicrystalline polymer fibers.[17]

Property Nylon-6,6 Nylon-6 Nylon-6,6 (silver plated) Polyethylene

Stimulus Heat Heat Heat Heat

Amplitude of stimulus 240 °C 190 °C 240 °C 130 °C

Straina) [%] 4 (@15 MPa) 2.2 (@3.5 MPa) 4.4 (@7.8 MPa) 0.2 (@15 MPa)

33 (@15 MPa) 49 (@1 MPa) 24 (@15 MPa) 16 (@15 MPa)

Stress [MPa] 22 (@10%) 8.4 (@12%) 38 (@10%) –

Work density 2.48 kJ kg−1 (84 MPa) – – 2.63 kJ kg−1 (@140 MPa)

Specific power [kW kg−1] 27.1 – – 5.26

Bandwidth [Hz] 7.5 (in helium) – 5 (in water) 2 (in water)

Efficiency [%] <1 <1 <1 <1

Cycle life 1.2 × 106 @10% – – –

a)All results here are for twisted-coiled artificial muscles except the first row of the strain results.

Table 4.  Torsional artificial muscles from nylon fibers.

Property Nylon-6,6[17] Nylon-6,6[22] Nylon-6[17]

Stimulus Joule heat Heat Heat

Geometry Straight Coiled Straight

Amplitude of stimulus 140 mW cm−1 ΔT = 62 °C 160 °C

Torsional stroke [° mm−1] <5.5 <210 <7

Torsional speed [rpm] <70 <70 000 –

Torque [N m kg−1] – 0.8 –

Peak work density – 0.3 mJ m−1 2 kJ kg−1 (@14 mN m)

Specific power [W kg−1] – 1900 –

Cycle life – 105 –

Table 5.  Bending artificial muscle from nylon fibers.

Property Nylon-6,6[19]

Stimulus Heat

Amplitude of stimulus ΔT = 65 °C

Bending amplitudea) 1.25

Blocking forceb) [MPa] 55

Catch-state Yes

First resonance frequencyc) [Hz] 17

Efficiency [%] <1

Cycle life 105

a)Peak-to-peak amplitude normalized to the length of the actuator; b)Blocking force 
normalized by the dimensions as described in ref. [19]; c)Dimension dependent.
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3.2. Nanoparticle-Based Actuators

Thanks to the advances in the field of nanotechnology, many 
new carbon-based nanoparticles and porous polymer films are 
discovered and synthesized, enabling fabrication of micro-/
nanostructures for actuators and energy-storage devices. 

Carbon nanotubes, graphene, and fullerenes, in particular, have 
attracted attentions in the field of artificial muscles owing to 
their excellent porosity and good electrical conductivity. Linear 
and bending actuators are demonstrated from pure carbon 
nanoparticles and/or their composites with polymers, hydro-
gels, or other nanomaterials (Figure 2).

Adv. Mater. 2018, 30, 1704407

Figure 2.  A) Left and middle: Photograph of a rigidly end-supported 50 mm long by 2 mm wide nanotube-sheet strip (left) and the same sheet strip 
expanded in width by applying 5 kV with respect to ground (middle). Right: Photograph of a 25 mm long nanotube-sheet strip actuated at 1500 K by 
applying 3 kV, where the color of incandescence is not correctly captured by the camera. B) Schematic illustration of a bilayer structure composed of 
two active layers. C) Fabrication process of the paper-based actuators. D) Optical images of a patterned hybrid film on the paper substrate before and 
after folding. E) The reversible closing and opening of a star-shaped membrane actuator “flower” upon switching the humidity between 50% and 90% 
at 20 °C; here, the top surface of the membrane was stained red, while the bottom surface retains the original light-yellow color; the inserted number is 
the relative humidity; scale bar: 1 cm. F) Schematic representation and high-speed snapshots of the jumping motion of a carbon nitride polymer (CNP) 
film on exposure to ultraviolet light. All of the films were obtained by vapor-deposition polymerization (VDP) onto a glass substrate and then peeling 
off. (A) Reproduced with permission.[26] Copyright 2009, American Association for the Advancement of Science. (B–D) Reproduced with permission.[27] 
Copyright 2016, American Chemical Society. (E) Reproduced with permission.[28] Copyright 2014, Macmillan Publishers Limited. (F) Reproduced with 
permission.[29] Copyright 2016, Macmillan Publishers Limited, part of Springer Nature.
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3.2.1. Stimuli

Thermal energy from light absorption[30–32] or Joule heating,[33,34] 
charge injection in the double layer,[35] and humidity/solvent 
molecule sorption[28,29,36–39] are among the common stimuli that 
are investigated so far according to the literature.

3.2.2. Mechanism

The actuation mechanism in nanoparticle-based films as well 
as porous polymer films depends on the stimulus. In guest-
infiltrated films, thermal expansion of the guest material, such 
as paraffin wax,[40] is responsible for the volumetric expansion 
of the film, while in electrochemically activated films (usually 
exhibiting high specific electric double layer (EDL) capacitance), 
charge accumulation in the double layer is the key working 
mechanism. In humidity/solvent molecule sorption, the pres-
sure induced by swelling creates the required stress for actua-
tion in the film.[28,29,36–39] However, in composite films that are 
activated with light, carbon nanoparticles (e.g., single-walled 
carbon nanotubes or graphene) absorb the light and effi-
ciently transfer the generated heat to an underlying thermally 
responsive polymer or hydrogel film.[19,30–32] In Joule heating, 
actuator nanomaterials are utilized because of their negative 
thermal expansion coefficient (e.g., graphene or carbon nano-
tubes with particular alignments),[33,34,41–43] and/or their good 
resistivity which makes them suitable as a resistive heating 
element.[19,27,43,44] It is important to note that in thermally 
activated bending actuators, the key driving force is the differ-
ence between thermal expansion coefficients on the opposite 
surfaces of the film (i.e., αtop − αbottom ≠ 0).[45] Therefore, coat-
ings that can significantly modify the thermal expansion coef-
ficient of the actuator’s structure are desirable. In general, any 
asymmetric response from the surfaces of an actuator to an 
external stimulus can generate bending-type actuation in films 
or beams.

The generated strain from nanoparticle films is typically 
small (<2%), which is mostly due to the physical properties of 
these materials (e.g., low thermal expansion coefficient, high 
elastic modulus) (Table 6). Giant strokes up to 220% (along 

the width of the muscle) are achieved from multiwalled carbon 
nanotube aerogel muscles at extreme excitation conditions 
(3 kV @1500 K) but with only <1.5% actuation along the length 
of the muscle (Figure 2A).[26] To amplify this small strain, 
these materials are typically utilized in a bimorph structure 
(Figure 2B–F). Equation (4) shows the relationship between the 
curvature (κ) (measured from the surface of the actuator) and 
the strain at the surface of the film (ε)[19]

2
1

1κ ε
ε

= =
−

−R
t �

(4)

where R is the radius of curvature (measured to the surface 
of the actuator) and t is the thickness of the film, respectively. 
Measuring the radius of curvature to the middle of the actua-
tor’s thickness leads to curvature of 2ε/t. The strain at the 
surface of the film (ε) can be estimated from the peak displace-
ment amplitude at the tip (A) (which is half of the full dynamic 
range for a bidirectional bending actuators), length (L), and 
thickness (t) of an actuator as follows[19]

2 2
ε =

+
tA

A L �
(5)

The strain difference between the top and bottom sur-
faces is double the strain given by Equation (5) (derivation of 
Equations (4) and (5) can be found in the Supporting Informa-
tion of ref. [19]).

3.2.3. Limitations

The limitations for this category of actuators are mostly 
dependent on the stimulus. For example, for heat-activated 
actuators, the efficiency is typically low and the cooling time 
constant is a rate limiting factor, while for electrochemical 
actuators, the ionic conductivity of the electrolyte as well as the 
specific capacitance of the structure defines the actuation speed 
(more on this in the section on conducting-polymer actua-
tors). The performance of actuators activated by moisture and 
molecule sorption is very much dependent on the size of the 
molecule as well as the migration rate. Aside from all the men-
tioned limitations, cycle life and cost play key roles if commer-
cialization of these actuators is desired.

It is important to note that although individual sheets of gra-
phene and carbon nanotubes have remarkable electrical and 
mechanical properties, in bulk, due to the weak interactions 
between the individual components, those properties are not 
exceptional any more. Table 6 contains the results for nanopar-
ticle-based actuators.

3.2.4. Applications

Some envisioned applications for nanoparticle-based actuators 
are humidity sensors,[29,39] light-intensity sensors,[31] morphing 
microrobots, micro-electromechanical systems (MEMS), smart 

Adv. Mater. 2018, 30, 1704407

Table 6.  Nanoparticle-based actuators.

Property Nanoparticle-based

Strain [%] 1.5, 220a)[26]

Stress [MPa] 115[36]

Strain rate [% s−1] 3.7 × 104[26]

Response time [s] 0.3[36]

Work density [J kg−1] 40[41]

Power density [W kg−1] 3.2[41]

Tensile strength [MPa] <500[36]

Bandwidth [Hz] 0.5[33,35] (first resonance at ≈100 Hz)[35]

Efficiency [%] 0.01%[32]

Cycle life 60 000[32]

a)Measured along the length and width, respectively.
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curtains,[32] moisture-responsive air flow valves, robotic grip-
pers,[33] and many more.

3.3. Twisted Nano-/Microfiber Yarns

Twisted yarns of nano-/microfibers (e.g., multiwalled carbon 
nanotube, nanowire, graphene) can generate linear and tor-
sional actuation upon volumetric expansion of the yarn. One 
interesting example of a material with such a property is 
hair. Until fairly recently, a common way to actuate the dial 
of a humidity sensor was to use the hydroscopic dependence 
of the length of an animal hair (e.g., from a horse tail) on its 
water content. The first such hair hydrometers date back to the 
mid-1600s.

Volumetric expansion in the twisted nanofiber yarns can 
be achieved via different mechanisms including volumetric 
thermal expansion of a guest material (Figure 3A–K),[46–48] 
volumetric expansion of a guest material due to physical 
absorption (Figure 3P),[49] and charge injection in the double 
layer (Figure 3M–O).[50,51] Torsional actuation can be obtained 
from the shape-memory effect as well. More details on this are 
discussed in the section on thermally activated shape-memory 
alloys (Figure 3L).

3.3.1. Working Mechanism

A one-end-tethered twisted yarn responds to any structural vol-
umetric change by untwisting at its free end. This behavior can 

Adv. Mater. 2018, 30, 1704407

Figure 3.  A–J) Muscle configurations and yarn structures for tensile and torsional actuation. Tensile load and paddle positions for a two-end-tethered, 
fully infiltrated homochiral yarn (A); a two-end-tethered, bottom-half-infiltrated homochiral yarn (B); a one-end-tethered, fully infiltrated homochiral 
yarn (C); and a two-end-tethered, fully infiltrated heterochiral yarn (D). The depicted yarns are coiled, noncoiled, four-ply, and two-ply, respectively. 
The arrows indicate the observed direction of paddle rotation during thermal actuation. The red and green yarn-end attachments are tethers, meaning 
that they prohibit end rotation; the red attachments also prohibit translational displacement. Scanning electron microscopy (SEM) images of a fully 
infiltrated homochiral coiled yarn (E), a neat two-ply yarn (F), and a neat four-ply yarn (G). Illustration of ideal cross-sections for Fermat (H), dual-
Archimedean (I), and infiltrated four-ply Fermat (J) yarns. K) Torsional artificial muscle from niobium-nanowire yarn. The right half of the yarn is 
infiltrated with wax and melting induced by current pulses creates the torsional actuation. The central paddle is used to determine rotation. It has 
a mass 23 times larger than the yarn’s and a moment of inertia of 3.3 × 10−10 kg m2. The yarn is held at constant length. The yarn diameter without 
wax is 51 µm, the inserted twist is 2381 turns m−1, the distance between clips is 6.3 cm, and the paddle is 13 mm long by 3 mm wide. L) Diagram 
illustrating the working mechanism of a shape-memory-alloy-based torsional actuator. The bottom yellow part of the yarn represents the gold-coated 
section. M–O) Illustration of electrochemical-cell configurations used for characterizing torsional actuation or the combination of torsional and ten-
sile actuation, where the Ag/Ag+ reference electrode, actuating MWCNT yarn electrode, and Pt mesh counter electrode are shown from left to right: 
a one-end-tethered yarn configuration in which a paddle, located at the yarn end, rotates in the electrolyte (M); a two-end-tethered configuration for 
simultaneously measuring torsional and tensile actuation, in which the top yarn support is a force–distance transducer that maintains constant tensile 
force on the yarn and measures the axial length change as the paddle rotates in air (in other cases, the electrolyte level was raised to submerge the 
paddle) (N); a one-end-tethered configuration in which the paddle rotates in air (O). P) Photographs of ethanol diffusion along a hierarchically arranged 
helical fibers (HHF) before the formation of coils. Left image: the fiber at the instant of coming into contact with an ethanol droplet (the hanging yellow 
copper paddle was stationary). Right image: the fiber at 1.63 s after coming into contact with ethanol (a rotary actuation was generated during ethanol 
diffusion along the fiber). The pink and blue paper slips were fixed on the copper paddle to record the revolution using background coordinate paper. 
Scale bars: 2 mm. (A–J) Reproduced with permission.[46] Copyright 2012, American Association for the Advancement of Science. (K) Reproduced with 
permission.[47] Copyright 2013, Wiley-VCH. (L) Reproduced with permission.[52] Copyright 2017, American Chemical Society. (M–O) Reproduced with 
permission.[50] Copyright 2011, American Association for the Advancement of Science. (P) Reproduced with permission.[53] Copyright 2015, Macmillan 
Publishers Limited (Springer Nature).
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be explained from the helix geometry.[46,47,52] In a one-end-teth-
ered twisted yarn, assuming the fibers are inextensible, the only 
way that the helical structure can accommodate any changes 
in its diameter is to untwist. Now, if two ends of the yarn are 
tethered, the change in diameter translates into contraction 
in length only. For the special case of having only half of a 
two-end-tethered yarn infiltrated with a guest material, the infil-
trated section of the yarn untwists, while the bare part twists 
and acts as a bias torsional spring. For a twisted yarn with indi-
vidual fiber length of L, yarn length of h, diameter of d, and 
twist angle of α (the angle between the fibers and the yarn axis), 
the torsional stroke (i.e., ΔN/N) can be described by the helix 
geometry as the following equation suggests[52]

sin ( ) tan ( )2 2α α
∆ = ∆ − ∆ − ∆N

N

L

L

h

h

d

d �
(6)

Helix geometry does not contain any information on the 
number of twists in each individual fiber and its contribution to 
the torsional stroke during excitation. A more complete model 
can be derived from spring mechanics to include the contribu-
tion of the number of twists in each individual fiber (i.e., n).[52] 
The following equation describes the torsional stroke in terms 
of the tensile strain in each individual fiber, tensile strain of 
the yarn, strain in radial direction, and torsional stroke of each 
individual fiber (Δn/n)[52]

3
1
2

∆ = ∆ − ∆ − ∆ + ∆N

N

L

L

h

h

d

d

n

n �
(7)

Torsional stroke of each individual fiber is very important for 
the cases that each fiber can untwist during excitation (refer to 
the section on thermally activated shape-memory alloy fibers, 
for examples).

3.3.2. Stimuli

Any stimulus that can create a volumetric expansion can be 
used to actuate twisted nanofiber yarns. Twisted nanofiber 
yarns basically convert one form of actuation (i.e., volumetric 
expansion) to another (i.e., linear and torsional). The actuation 
mechanisms that are explored so far are:

Thermal Excitation: One of the chemicals with an extraordi-
nary thermal expansion coefficient is paraffin wax. During 
phase transition, paraffin wax expands in volume by 30%.[46] 
By infiltrating twisted nanofiber yarns with paraffin wax and 
heating the yarn (via Joule heating, for example), tensile and 
torsional actuation can be achieved.[46–48]

Charge Injection in Double Layer: Electrical double layer forms 
at the electrolyte–electrode interface when a voltage is applied 
to the conductive electrodes. The thickness of the double lay-
er, which is on the order of one to few tens of nanometers, can 
be estimated from the Debye length (κ−1), which is inversely 
proportional to the square-root of the molar concentration of 
the electrolyte. Electric double layer creates repulsive forces 

between the charged surfaces, which act over distances that 
are comparable to the Debye length.[54] Therefore, in twisted 
porous yarns – such as multiwalled carbon nanotube yarns –  
formation of the double layer leads to an increase in the 
diameter of the yarn which translates to torsional and linear 
actuation as described above.[50,51,55]

Swelling Pressure: Absorption of solvents can lead to volumet-
ric expansion in some materials. For example, yarns of cotton 
or cellulosic nanofibers (such as the cellulose fibrils in wheat 
awns) swell water, while rubber swells organic solvents. 
Volumetric swelling can be up to 400% in some cross-linked 
elastomers, which is much larger than the 30% volumetric 
thermal expansion of paraffin wax.[49] Infiltrating nanofiber 
yarns such as multiwalled carbon nanotube yarns with sol-
vent-responsive compounds have demonstrated torsional 
and linear actuation.[49,53,56–60]

Similar to hair, spider dragline silk is another example of 
microfiber actuators made by nature. Spider dragline silk under-
goes large expansion in its diameter when it absorbs moisture. 
These fibers are semicrystalline structures which are made of 
highly oriented crystalline β-sheets and amorphous polypeptide 
chains and helical structures.[61] At high humidity, the dragline 
silk supercontracts (50% strain under no load, 50 MPa stress 
under blocking force test) due to the disruption of the hydrogen 
bonds within the amorphous regions of the fiber.[62] This 
modification in the hydrogen bonds increases the molecular 
mobility, which drives the proteins into a less organized con-
figuration, leading to supercontraction.[62] The supercontraction 
occurs only once but humidity fluctuation can still generate 
small values of strain in the dragline silk fiber.[62] Table 7 shows 
the results for twisted nano-/microfiber-based artificial muscles.

3.4. Thermally Activated Shape-Memory Alloy (SMA)

Shape-memory alloys, a member of the shape-memory mate-
rial family, can retain their original form (shape or size) upon 
excitation with a stimulus such as heat. For example, a bent or 
twisted shape-memory alloy wire recovers its original shape (i.e., 
unbent or untwisted) when excited with heat. This remarkable 
property has made SMAs very popular in research and develop-
ment since their discovery in 1932 by Arne Ölander.[63] The field 
of shape-memory alloys is very broad and extensively studied 
and have branches in material design, device design, and con-
trol system design. In this section, we focus only on linear, tor-
sional, and bending artificial muscles made of SMA materials.

Alloys of nickel–titanium (e.g., NiTi, NiTiCu, NiTiFe, etc.), 
iron (e.g., FePt, FeNiC, etc.), copper (e.g., CuSn, CuZn, etc.), 
silver (e.g., AgCd, etc.), gold (e.g., AuCd, etc.), and cobalt (e.g., 
CoNiAl, etc.) are examples of shape-memory alloy metals that 
are commercially available. Nickel–titanium (NiTi) – one of the 
most popular and well-studied SMA metals[64,65] – outperforms 
most of the other SMA metals such as iron or copper-based 
alloys in terms of mechanical and thermomechanical proper-
ties.[66] The shape-memory effect in NiTi alloy was discovered 
in the 1960s in the Naval Ordnance Laboratory where the term 
“nitinol” was coined for this alloy to note the name of its com-
position and place of discovery.[67,68]

Adv. Mater. 2018, 30, 1704407
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3.4.1. Mechanism

Shape-memory alloys often can transform reversibly between 
two phases (i.e., martensite and austenite), exhibiting three 
crystal structures (i.e., twinned martensite, detwinned mar-
tensite, and austenite). Upon excitation with heat, phase trans-
formation from martensite to austenite starts at temperature 
As and stops at temperature Af. In this process, a nitinol wire 
can contract up to 4.5% in length with Poisson’s ratio of 0.33.[52] 
During cooling, the reverse phase transformation (i.e., austenite 
to martensite) starts at temperature Ms and stops at tempera-
ture Mf. The upper limit temperature at which the martensite 
reaches its threshold for the applied stress is Md.[69] Above Md, 
the SMA deforms permanently like any other metals but below 
that and above Af, due to twinning, martensite formation under 
stress allows pseudoelasticity or superelasticity.[70]

By adjusting the fabrication conditions, the shape-memory 
effect and the phase transition temperatures can be engineered. 
The three major shape-memory characteristics for SMAs 
include one-way shape-memory effect, two-way or revisable 
shape-memory effect, and pseudo-/superelasticity. In one-way 
SMAs, the material retains its deformed state after removal of 
the external stress and recovers it original form after excitation. 
However, in two-way SMAs, the material can remember its 
original form at both high and low temperatures. In pseudo-/
superelasticity, the material can recover its original form by an 
external mechanical stress at temperatures between Af and Md 
without requiring thermal excitation.[71]

Thermal excitation of SMAs can be achieved through Joule 
heating (aka, resistive heating) or heat transfer via convection 

or conduction. Thanks to the electrical conductivity of SMAs 
(e.g., for nitinol, 0.8 and 1 µΩ m for martensite and austenite 
phases, respectively)[52] during Joule heating (at low frequen-
cies), the structure heats entirely (unlike nylon actuators – see 
the section on highly oriented semicrystalline polymer fibers). 
During the cooling cycle, heat transfers out of the material via 
conduction and/or convection which is typically slower than 
the excitation cycle and limits the cycling rate. It is demon-
strated that water/ethanol cooling and nucleate boiling dras-
tically enhance the cooling rate, enabling response time of 
down to milliseconds.[72] Excitation of SMA fibers with short 
high current pulses has shown rapid twitch responses of few 
milliseconds.[73] The working mechanism can be explained 
by the skin effect (at high frequencies, the current density on 
the outer surface of a metal is the largest). This nonuniform 
current distribution at high frequencies (or very short pulses) 
excites the outer shell of the SMA fiber while keeping its 
inner core unexcited, therefore, the inner core acts as a bias 
spring and brings the outer shell back to its initial length after 
excitation.[73]

SMA wires intrinsically (i.e., in a straight form) can contract 
up to 8% in length (Table 8),[74] however, strains more than 
100% can be achieved with geometries like helix or zigzag but 
with lower stresses. Different designs for bending actuators 
are proposed in which SMA wires in the form of straight wire, 
helix, or zigzag are utilized.[75–80]

Torsional actuators are fabricated from SMA wires and tubes, 
enabling high torsional stroke and torque very comparable to 
those of electric motors. Two different ways of achieving tor-
sional actuation are proposed: (i) torsional actuation based on 

Adv. Mater. 2018, 30, 1704407

Table 7.  Twisted nano-/microfiber-based torsional and linear actuators.

Property MWCNT MWCNT-coiled MWCNT/wax-coiled Niobium NW/wax MWCNT MWCNT/rubber Spider-silk dragline

Stimulus EDL[50] EDL[51] Heat[46] Heat[47] Ethanol 

absorption[53]

Organic solvent 

absorption[49]

Water moisture 

absorption[62]

Amplitude of stimulus 2 Va) 3.25 Va) 80–210 °C 80–210 °C Dry to wet Dry to wet Relative humidity 
(RH) 10–90%

Strain [%]b) 1 (@88 MPa) 16.5 (@25 MPa) 9.5 (@5.5 MPa) 0.24 (@20 MPa) <65 (@no load) 50 (@2 MPa) 2.5

Stress [MPa] 88 (@1%) 60 (@4.5%) 84 (@3.3%) 20 (@0.24%) 1.5 45 80

Work density 1.1 kJ kg−1 2.2 kJ kg−1 1.36 kJ kg−1 (@84 MPa) 48 kJ m−3 – 1.2 kJ kg−1 500 kJ m−3(@53 MPa)

Specific linear  

power [W kg−1]

920 <15 27 900 <10 – 4400 130–190

Strain rate [% s−1] 1 <<1 120 <1 – 80 <1

Torsional  

stroke [° mm−1]

250 – 16 12 738 – –

Torsional speed [rpm] <590 – <11 500 <7200 <6500 – –

Torque [N m kg−1] 1.85 – 8.2 0.9 – – –

Specific torsional power 

[W kg−1]

61 – – 35 – – –

Bandwidth [Hz]c) 1 (tested)d) 0.5 20 (tested) <5 – 1 <<1

Efficiency [%] <10 5.4 < 2 <2 – 4.3 –

Cycle life <5000 3000 @3% 1.4 × 106 @3% – 50 1600 @2% –

a)With respect to an Ag/Ag+ reference electrode; b)The strain values are the maximum numbers that are reported at the mentioned stress value; c)The bandwidth is the 3 dB 
bandwidth (the cut-off frequency is at which the amplitude becomes half); d)The bandwidth depends on the size of the RC time constant of the actuator which is function 
of the ionic conductivity of the electrolyte and capacitance of the immersed yarn.
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shape recovery of a twisted fiber/tube;[52,81–84] (ii) torsional actu-
ation based on linear actuation of SMA wires.[85,86] The second 
category focuses on the design aspects of rotary actuators and 
we are not covering it here.

3.4.2. Torsional Actuation Based on Shape Recovery  
of a Twisted Fiber/Tube

The shape-memory effect can return a twisted fiber to its ini-
tial form, which is a twist-free fiber. By bundling nitinol micro-
fibers, passivating half of the yarn’s length, and Joule heating 
the yarn, it is demonstrated that torsional actuation can be 
achieved (Figure 3L).[52,82] The working mechanism is based on 
untwisting of individual fibers due to the shape-memory effect 
and generating a large torsional actuation as a bundle (Table 9). 
More on the modeling of this actuator can be found in the 
section on twisted nano-/microfiber actuators.

3.4.3. Limitations

SMAs exhibit thermal hysteresis in their strain versus tem-
perature characteristic (i.e., the strain path from Mf to Ms does 
not follow the path from As to Af), which makes controlling of 
the actuation very difficult. Typical values for this hysteresis is 
on the order of tens of degree Celsius. Recently SMA wires, 

comprising ≈56% weight gold, are demonstrated to exhibit 
hysteresis of as low as 2 °C.[89] The stress produced by shape-
memory alloys is yet unmatched by any material, but the low 
cycle life and high fabrication cost ($200–300 kg−1) limit the 
applications of this remarkable material.

3.4.4. Applications

The remarkable properties of shape-memory alloys have ena-
bled fabrication of different devices and tools in different indus-
tries including biomedical, aerospace, automobile, robotics, etc. 
Some applications are active catheters, stents, braces, active-
compression garments,[90] robotic arms/legs, microgrippers, 
camera shutters (in astronomy), airplane components (e.g., 
flaps), car components (e.g., headlight actuators), miniature 
robotics, and many more.[65]

3.4.5. Other Shape-Memory Materials

As mentioned previously, shape-memory alloys are only one cat-
egory of shape-memory materials. Ferromagnetic shape-memory 
alloys, shape-memory polymers, and shape-memory ceramics 
are other members of the shape-memory material family.

Ferromagnetic shape-memory alloys (FSMAs) undergo phase 
change when exposed to magnetic field. The main advantage of 
FSMAs over the thermally activated SMAs is that there is no 
rate limiting factor due to cooling. Thus, bandwidths of up to 
1 kHz (@5% strain) can be obtained. Maximum strain of 10% 
is achieved with maximum stress of 9 MPa.[4] However, they 
possess some undesirable attributes such as low operating tem-
perature, high stiffness, and brittleness. More on the working 
mechanism and modeling of FMSAs can be found in ref. [4].

Shape-memory polymers are very extensible compared 
to shape-memory alloys (up to 800% vs 8%). They are cheap 
(≈$20 kg−1), easy to prepare, and more importantly, can be 
excited with wider range of stimuli such as heat, magnetic field, 
and light.[91]

3.5. Ionic-Polymer/Metal Composites (IPMCs)

Ionic-polymer/metal composites, as the name suggests, are 
typically composed of an ionically conductive membrane sand-
wiched between two electron-conductive electrodes. The ionically 
conductive membrane (IP) contains the electrolyte and is typi-
cally made of perfluorinated polymers such Nafion and Fle-
mion which contain ionic sulfonate and carboxylate groups.[92] 
Sulfonated hydrocarbon polymers and biopolymers such as 
cellulose derivatives and chitosan are excellent alternatives to 
perfluorinated polymers due to their ease of fabrication, cost 
effectiveness, good ionic conductivity, and environmental friend-
liness.[93] Traditionally, gold and platinum were electroplated on 
the IPs to form the compliant metal contacts.[94] Thanks to the 
recent discoveries and advances in the field of nanomaterials, it 
is shown that carbon-nanotube- and graphene-based electrodes 
can have some advantages, such as better flexibility and dura-
bility, over the conventional noble metal electrodes.[95]

Adv. Mater. 2018, 30, 1704407

Table 8.  Thermally activated linear SMA actuators.[74,84,87,88]

Property Thermally activated SMAs

Stimulus Heat (Joule heating)

Amplitude of stimulus ≈4 V (>> 4 V in short pulse excitation)

Strain [%] <8.5

Stress [MPa] <700

Strain rate [% s−1] <300

Work density [MJ m−3] <10

Power density [MW m−3] <30

Tensile strength [MPa] <1900

Bandwidth [Hz] <3 (<35 in a bending actuator)[80]

Efficiency [%] <16%a)

Cycle life 300 (@≈5%) to 107 (@≈0.5%)

a)It is demonstrated in ref. [88] that the efficiency is a function of initial strain.

Table 9.  Thermally activated torsional SMA actuators.[52,82]

Property Thermally activated SMAs

Stimulus Heat (Joule heating)

Amplitude of stimulus 2–6 V (14 V in short pulse excitation)

Torsional stroke [° mm−1] <46

Rotational speed [rpm] <10 500

Torque [N m kg−1] <28.5

Torsional work density [J kg−1] <560

Cycle life 5000
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3.5.1. Mechanism

IPMCs can be viewed as a simple double layer high surface 
area parallel plate capacitor with the membrane (typically 
negatively charged in traditional IPMCs), containing the elec-
trolyte, squeezed between the electrodes (Figure 4A). Upon 
excitation with voltage (typically 1–5 V), migration of cations 
(and anions) to the cathode (and anode) causes swelling of 

cation-reach clusters and shrinkage of other side of the mem-
brane–electrode boundary layer.[98] This unbalanced stress in 
the membrane causes the structure to bend (Figure 4E). In 
Nafion-based IPMCs, the initial fast response of the actuator 
is followed by a back-relaxation. It is believed that the back-
relaxation is due to the pressure in the strained regions of 
the polymer matrix which squeezes water molecules out of 
the cation-reach clusters.[96,98] Reversing the voltage polarity 

Adv. Mater. 2018, 30, 1704407

Figure 4.  A) Structure of an ionic-gel/metal nanocomposite (IGMN). B–D) Actuation mechanism of the device in (A): actuator at open circuit (B); when 
an electrical stimulus is applied, both the tetraethylammonium (TEA)+ and 1-ethyl-3-methylimidazolium (EMIM)+ cations migrate toward the cathode 
(C); the differential swelling at the anodic and cathodic side of the IGMN induces the bending of the actuator toward the anode (D). E) Successive 
photos of a Flemion-based IPMC in TBA+ form, actuated by 3 V DC; the sample moves continuously toward the anode and forms nearly a circle after 
3.5 min with no sign of electrolysis. F,G) Electromechanical actuation mechanism of the SWNT-based actuator: actuation illustration of the bimorph 
configured actuator under positive (top), negative (bottom), and no (middle) extra electrical field (F); the corresponding photographs of an actuator 
with a positive (top), negative (bottom), and no (middle) applied voltage of 5 V (G), well confirm the electromechanical actuation mechanism. 
(A–D) Reproduced with permission.[94] Copyright 2017, Wiley-VCH. (E) Reproduced with permission.[96] Copyright 2003, American Institute of Physics. 
(F,G) Reproduced with permission.[97] Copyright 2011, American Chemical Society.
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inverts the bending direction and drives the relaxation process 
faster. In contrast, in Flemion-based IPMCs, under the same 
experimental conditions, the relaxation occurs in the direction 
of actuation. This relaxation is believed to be due to the redistri-
bution of cations and reorientation of electric dipoles associated 
with the sulfonate groups which results in reduction of repul-
sive interactions between them.[98] In recent designs for IPMCs, 
the large difference between the ionic radius of the cations 
and anions in nonaqueous electrolytes such ionic liquids (e.g., 
1-ethyl-3-methylimidazolium tetrafluoroborate) creates the 
required stress gradient across the thickness of the beam for 
bending (Figure 4B–D,F,G)). Therefore, there is no relaxation 
due to back diffusion of water molecules from the cation-reach 
clusters. Key parameters that influence the performance of 
IPMCs (e.g., amplitude of the actuation, bandwidth, and gener-
ated force) are electrochemical stability, mechanical compliancy 
and durability, electrical conductivity of the electrodes;[3] ionic 
conductivity, liquid electrolyte uptake, ion-exchange capacity, 
mechanical stability, and stiffness of the ionic polymers;[3] and 
ionic conductivity (typically higher in aqueous electrolytes com-
pared to ionic liquids), electrochemical stability window, and 
volatility in air (very low for ionic liquids and very high for 
aqueous electrolytes) of the electrolytes.[95]

Aqueous-electrolyte-based IPMCs are typically fast response 
due to their good ionic conductivity but gradual leakage of water 
from the actuator as well as performance degradation in air due 
to the evaporation of the electrolyte have limited their applica-
tions.[95,99] Ionic liquids, in contrast, are almost nonvolatile and 
possess large ion radius, which can increase the bending ampli-
tude and blocking force. In general, ionic conductivity of ionic 
liquids is lower than that of the aqueous electrolytes due to the 
higher viscosity that they exhibit (for more information, refer to 
the section on conducting polymers).

Nonmetallic nanomaterials such as carbon nanotubes,[97,100–102] 
graphene,[103–105] transition metal oxide powders (e.g., RuO2),[106] 
nanoporous carbon,[107] and carbon aerogels[108] are among the 
explored suitable materials for electrodes in IPMCs. These nano-
powders are cheap (<$100 kg−1 for graphene now) compared to 
gold or platinum, easy to coat on the IPs (through casting or self-
assembly), and form very compliant electrodes with high spe-
cific surface area. However, their electrical conductivity is lower 
than that of the gold or platinum electrodes and typically metal 
backing is required to boost their electrical conductivity.[102]

The blocking force at the tip of the IPMCs (or any other 
bending actuator) is proportional to the dimensions of the actu-
ator as the following equation suggests[100]

b

2

∝F
wt

l �
(8)

where w, t, and l are the width, thickness, and length of the 
actuator.

3.5.2. Limitations

IPMCs are among the promising actuators for industrial appli-
cations and their performance has been under improvement 
through research and development since their invention in 

1965.[109] Similar to conducting polymers, the actuation speed 
in IPMCs is a function of the capacity of the electrodes as well 
as the electrical and ionic conductivity of the electrodes and the 
ionic-polymer membrane, respectively. Due to the small elec-
trochemical stability window of aqueous electrolytes (≈1.23 V), 
electrolysis of water can lead to catastrophe due to hydrogen 
and oxygen evolution reactions at the electrodes. The poor 
stability of aqueous-electrolyte-based IPMCs in air limits their 
application in devices operating in dry environments, how-
ever, ionic-liquid-based IPMCs are very stable in air but they 
exhibit slower response time. As mentioned, due to the actu-
ation mechanism, there can be a drift in the bending ampli-
tude which may require correction by a feedback-loop control 
system. Like any other actuators, cost is an important factor in 
commercializing this technology.

3.5.3. Applications

IPMCs with aqueous electrolytes are more suitable for under-
water applications such as fish-like robots and artificial fins. In 
general, IPMCs can be used in active catheters, tactile displays, 
braille displays, micropumps and valves, robotic grippers, sen-
sors, and many more. Table 10 shows the results for IPMCs 
made of metallic and nonmetallic electrodes.

3.6. Dielectric-Elastomer Actuators (DEAs)

Dielectric elastomers are fast response actuators that can pro-
duce large strains via excitation with an electric field. Dielec-
tric elastomers can be viewed as parallel plate capacitors with 
very compliant dielectric materials that exhibit relatively large 
Poisson’s ratio (up to 0.5) (Figure 5A).[110] Compliant mate-
rials that can generate high strains and recover with elastic 
modulus of less than 10 MPa are very suitable for use as a 
dielectric in these actuators. Elastomers based on silicones 
(e.g., Nusil CF19-2186, Dow Corning HS3, Dow Corning 

Adv. Mater. 2018, 30, 1704407

Table 10.  Ionic-polymer/metal composites (IPMCs).

Property Metallic electrodes Nonmetallic electrodes

Stimulus Voltage (charge migration) Voltage (charge migration)

Amplitude of stimulus <7[114,115] ±4 V[102]

Strain [%] >3[114,115] 8.2[102]

Stress [MPa] 30[98,116] 4.7[102]

Strain rate [% s−1] 3.3[96] 9[97]

Response timea) [s] millisecond to second 

(amplitude dependent)

0.019[97]

Work density [J kg−1] <4[96] 2.03[97]

Power density [W kg−1] 2.6[96] 244[97]

Bandwidth [Hz] 100 (tested)[96] 33 (first resonance 30 Hz)[97]

Efficiency [%] <3[117] –

Cycle life 76 000[94] –

a)The response time is very dependent on the actuator dimensions and ionic 
conductivity.
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Sylgard 186),[111,112] acrylates (e.g., 3M VHB 4910, 3M VHB 
4905),[111,113] polyurethane (e.g., Deerfield PT6100S, Estane 
TPU588),[112,122] and thermoplastic elastomer copolymers 

(e.g., poly[styrene-b-(ethylene-co-butylene)-b-styrene] triblock 
copolymer)[123] are among the typical elastomers exploited for 
DEAs so far. Maximum strain and electromechanical coupling 

Adv. Mater. 2018, 30, 1704407

Figure 5.  A) Structure of a dielectric-elastomer actuator. B) Illustration of the action of a “pick-and-place” actuator made from an elastomer beam with a 
few vertical fibers. The elastomer bends to conform to the shape of both the cylinder and a grape. C) A dielectric elastomer is sandwiched between two 
layers of an electrolytic elastomer. Both the dielectric and the electrolyte are transparent and stretchable, and the device is transparent if the electrodes 
are placed outside the active area of the device. Right: subject to voltage, the two layers of the electrolyte spread ions of opposite signs on the two sides 
of the dielectric, causing the sandwich to reduce thickness and expand area. D) Skitter robot using six rolled DE actuators. This robot has successfully 
demonstrated a peak speed of ≈70 mm s−1. E) Photographic images at various focal lengths as captured by a complementary metal–oxide–semicon-
ductor (CMOS) image sensor demonstrating the focusing capability of the lens. F) Schematic of the measurement setup used for image acquisition. 
(B) Reproduced with permission.[118] Copyright 2015, Wiley-VCH. (C) Reproduced with permission.[119] Copyright 2013, American Association for the 
Advancement of Science. (D) Reproduced with permission.[120] Copyright 2002, SPIE. (E,F) Reproduced with permission.[121] Copyright 2013, Optical 
Society of America.
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occurs when the electrodes and the dielectric are both com-
pliant. In addition, the electrodes should be highly electrically 
conductive (in both the excited and relaxed states) and should 
be able to well retain their conductivity over millions of cycles. It 
is very important to minimize the added stiffness from the elec-
trodes to the dielectric material as much as possible. Electrodes 
can be formed by employing carbon-based materials (e.g., 
carbon powder,[124] carbon grease,[111,124] and carbon–elastomer 
composites[125]) or metallic materials (e.g., silver). Metals are 
better electron conductors compared to carbon-based materials 
but they yield small strains due to their large stiffness. Pat-
terned metallic electrodes (such as liquid or solid metals)[126–128] 
and metallic thin films on corrugated membranes[129,130] have 
resolved this issue to some extent, but the strains are below 
100%. Alternative materials including hydrogels with high 
ionic conductivity (Figure 5C),[119] single-walled carbon nano-
tubes (SWNTs),[131,132] and silver nanowires[132] are employed as 
optically transparent electrodes for DEAs. For example, silver 
nanowire–polymer composite electrodes have shown very stable 
conductivity at strains as high as 140% with 65% areal actua-
tion.[133] Implanting metal ions such as gold, palladium, and 
titanium in polydimethylsiloxane (PDMS) has shown good elec-
trical conductivity retention for strains up to 175%.[134]

3.6.1. Mechanism

Roentgen, for the first time, observed the actuation of a sheet of 
natural rubber under large electric field in 1880.[130] The applied 
electric field creates an attractive force (aka, Maxwell stress) 
between the electrodes which squeezes the compliant dielec-
tric elastomer. Assuming the dielectric is incompressible (i.e., 
(1 + Δl/l0)(1 + Δw/w0)(1 + Δt/t0) = 1), the change in thickness (t) 
leads to expansion in length (l) and/or width (w) depending on 
the boundary conditions. The effective pressure on the dielec-
tric can be derived to be

eff r 0

2

P
V

t
ε ε= 



 �

(9)

where εr is the relative static permittivity (aka, dielectric con-
stant), ε0 is the vacuum permittivity, V is the applied potential, 
and t is the thickness of the dielectric material. The effective 
pressure in Equation (9) is double the normalized force between 
plates of a parallel plate capacitor. As Equation (9) suggests, the 
stress scales with square of the applied electric field, however, 
it is limited by the break down in the dielectric which itself is a 
function of strain. In other words, at a constant applied voltage, 
as the thickness of the dielectric decreases (due to the increase 
in effective pressure), the electric field increases. This positive 
feedback loop leads to dielectric breakdown of the elastomer due 
to the extensive thinning of the dielectric. This phenomenon is 
often called electromechanical or pull-in instability. By control-
ling the electric charge instead of the voltage, the pull-in effect 
can be prevented. This technique was first used by Roentgen in 
his electrode-free elastomer actuators.[136] Other methods to pre-
vent the pull-in effect are mechanically prestraining the dielec-
tric elastomer or utilizing interpenetrating polymer networks 
with a highly prestrained first component network.[137]

In a typical DEA device, upon excitation, the elastomer elon-
gates along the length and width due to the effective pressure 
exerted by the electrodes. Prestraining the elastomer in a par-
ticular direction lowers the elongation in that direction. In 
other words, prestraining can be used to give orientation to 
the strain in addition to reducing the pull-in instability. More 
complex actuation forms can be obtained from DEAs by pat-
terning the electrodes or even introducing local stiffness in the 
elastomer (Figure 5B).[118,138–140] Soft grippers are demonstrated 
by incorporating stiff fibers in the elastomer.[118]

Different configurations for dielectric elastomers are explored 
which each can generate unique combination of force/strain 
distribution. Free-standing planar, rigid/flexible framed planar, 
bending, tubular and rolled, diaphragm (pressure loaded), and 
thickness mode are among the major categories.[3]

3.6.2. Limitations

The relatively very high excitation voltage (typically thousands 
of volts) of the DEAs requires DC–DC converters, which adds 
to the cost and size of the device. Another limitation of DEAs 
is the operating voltage, which is considered to be unsafe for 
wearable and biomedical devices.

3.6.3. Applications

DEAs have very large bandwidth (up to kilohertz range), which 
makes them very attractive for application in devices such as 
loudspeakers,[119] tunable optical lenses (Figure 5E,F),[121,141–145] 
flapping wings,[146] walking robots (Figure 5D),[120,147] grip-
pers,[118] tactile displays,[148,149] laser speckle reducers,[150] 
microfluidics,[151] and switches.[152] DEAs can also be used as 
sensors and energy-harvesting devices when the change in 
capacitance, due to any change in volume of the dielectric, is 
harvested.[153] Table 11 includes the results for dielectric-elas-
tomer actuators.

Adv. Mater. 2018, 30, 1704407

Table 11.  Dielectric-elastomer actuators (DEAs).

Property Dielectric elastomers[154–157]

Stimulus Voltage/electric field

Amplitude of stimulus 100–150 MV m−1 (breakdown  

<420 MV m−1)

Areal strain [%] <380

Thickness strain [%] <79

Stress [MPa] <7.2

Work density [MJ m−3] <3.5

Tensile strength [MPa] <7.2

Electromechanical coupling effi-

ciency [%]
<90

Dielectric constant 2–10

Bandwidth <1 kHz

Efficiency [%] <90

Cycle life >106
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3.7. Conducting Polymers

Conducting polymers are ionically and electronically conduc-
tive materials that exhibit volumetric expansion/contraction 
upon electrochemical oxidation/reduction in an electrolyte. 
Basic conducting polymers can have constituent monomers of 
pyrrole, thiophene, aniline, furane, indole, acetylene, azulene, 
carbozole, etc.,[2,160] but only a few such as pyrrole, aniline, and 
thiophene and its derivatives are often used in the design of 
actuators (Figure 6A).[158,161,162]

3.7.1. Mechanism

Conducing polymers mostly exhibit semiconducting behavior 
(bandgap > 2 eV) when undoped and conducting behavior when 
doped with donor or acceptor ions.[163] The doping process can 
be carried out via electrochemical or chemical processes.

When subjected to potential in an electrochemical cell, 
conducting-polymer structures can donate or accept electrons 
from the metal electrode (e.g., gold, platinum, etc.) that they 
are deposited on. To maintain the charge neutrality in the 
conducting-polymer structure, flux of ions (anions or cations) 
from the electrolyte diffuse into the polymer structure. This 

ion insertion/deinsertion generally correlates with volumetric 
expansion or contraction within the structure (Figure 6C).  
Some conducting polymers (such as polypyrrole) can be 
p-doped (electrons leaving the polymer chains and making 
them positively charged), which means that intercalation of 
anions from the electrolyte neutralizes the polymer structure 
(Figure 6B). Equation (10) shows the oxidization/reduction pro-
cess for such conducting polymers

(M) e A (M) (A )
Contracted (reduced state) Expanded (oxidized state)

− + ↔
↔

− − + −m mn n
m

m

�

(10)

where (M) is the monomer, m is the number of electron trans-
ferred, and A− is the anion responsible for maintaining the 
electroneutrality. On the opposite, some conducting polymers 
(such as thiophene and its derivatives) can be n-doped (elec-
trons are injected to the structure making the chains negatively 
charged), which require cations for the charge neutrality inside 
the polymer structure. Equation (11) shows the oxidization/
reduction process for such conducting polymers

(M) e A (M) (A )
Expanded (reduced state) Contracted (oxidized state)

+ + ↔
↔

− − − +m mn n
m

m

�
(11)

Adv. Mater. 2018, 30, 1704407

Figure 6.  A) Chemical structure of some common conductive polymers. B,C) Polypyrrole oxidization/reduction reaction. Anions (A−) diffuse into the 
structure to maintain the electroneutrality. D,E) Use of polypyrrole actuators on catheters to make them active: (D) Insertion of ions induces expansion 
in one side of the catheter while removal of ions causes contraction. The net result is bending of the catheter. A similar mechanism is responsible for the 
bending in trilayer conducting-polymer actuators. (E) SEM image of a catheter coated with four stripes of polypyrrole. (C) Adapted with permission.[158] 
Copyright 2007, Elsevier Ltd. (D,E) Reproduced with permission.[159] Copyright 2009, John Wiley & Sons, Ltd.
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The basics of actuation behavior in conducting polymers 
under a load can be explained by Hooke’s law. Under isotonic 
condition, when a conducting-polymer actuator is under tensile 
force (F), the generated tensile strain (εf) is the sum of the ten-
sile strain under no load (ε0) and the strain due to the change in 
stiffness between the initial (K) and final (K′) states[164]

1 1 1 1
f 0 0 E

E E

ε ε ε σ= + −

 


 = + −







′ ′F

K K Y Y �
(12)

where YE and Y′E are the engineering Young’s modulus at the 
initial and final states, respectively, and σE is the engineering 
applied stress (force normalized over the cross-sectional area at 
the initial state).[164] Based on experiment results, for strains of 
about 1%, a simple model relating the charge density (ρ) and 
strain (ε) is proposed (Equation (13))[4]

ε α ρ σ= ⋅ +
E �

(13)

where α is the strain to charge ratio (≈10−10 m3 C−1), σ is the 
applied stress, and E is the elastic modulus. However, more 
accurate models are proposed in which the nonlinearity and 
time dependency of the charging/discharging of the actuators 
are taken into account.[165]

The strain that conducting-polymer actuators produce are typi-
cally on the order of few percent (Table 12).[3,158] To amplify this 
strain, the following amplification mechanisms are proposed:

(i)	 Bilayer bending actuators are made of an active layer (i.e., 
the conducting-polymer layer) and a passive layer which is 
attached to the active layer and causes the bending during 
volumetric expansion/contraction of the active layer.[162,166–168]

(ii)	Trilayer bending actuators have one passive layer sandwiched 
between two active layers.[169–172] In this configuration, both 
active layers are contributing to the bending motion since one 
layer is acting as the working electrode (expanding/shrinking 
in volume) and the other as the counter electrode (shrinking/
expanding in volume) (similar to Figure 6D).[169]

Different designs for linear stroke conducting polymers are 
proposed such as interpenetrated hollow tubes,[173,174] accordion 
bellows-type origami structures,[175] nano-/microfibers,[176–178] 
or even combination of bilayer and trilayer actuators.[179]

3.7.2. Limitations

Conducting polymers can be viewed as a charge storage ele-
ment in supercapacitors/batteries that expand or shrink 
during the charging/discharging process. Charge injection in a 
conducting-polymer structure is a diffusive process. Therefore, 
thickness of the actuator films plays an important role in actu-
ation response time (i.e., cycling rate or bandwidth). Lowering 
the thickness can improve the diffusion of ions into the struc-
ture, thus increasing the cycling rate, but it can decrease the 
generated force. Since there is a correlation between the charge 
density and the strain and stress, conducting-polymer films 
with higher capacitance, which can be obtained by increasing 
the porosity, can produce larger strains and stresses.[180] 
However, the degradation potential of the polymer sets a limit 
on the peak ion concentration in the double layer.[181,182] Elec-
trical conductivity of the conducting-polymer films as well as 
the ionic conductivity of the electrolyte can directly influence 
the bandwidth and the actuation performance. Higher ionic 
conductivity of the electrolyte and higher electrical conduc-
tivity of the conducting-polymer film enable higher currents 
(under potentiostatic conditions), which lead to faster charge/
discharging of the films. Aqueous electrolytes are typically 
more ionically conductive (e.g., 73 S m−1 for a 1 m sulfuric 
acid)[183] compared to organic or ionic-liquid electrolytes (e.g., 
1.15 S m−1 for 1-ethyl-3-methylimidazolium tetrafluoroborate 
(EMIMBF4)),[184] but large ionic radius of ionic liquids can 
produce large peak strains and stresses.[180] Similar to the RC 
time constant limit in supercapacitors,[184] conducting-polymer 
actuators also have several RC time constants which each plays 
an important role in the actuation performance.[185] Another 
limitation of conducting polymers is the delamination of the 
active film on the metal backing electrode (charge collector) 
over relatively small number of cycles.

3.7.3. Applications

Due to some of the unusual properties of conducting polymers, 
such as change in electrical conductivity by over seven orders of 
magnitude under doping/undoping,[3] they have wide variety of 
applications, such as in linear/bending actuators, origami actu-
ators, diaphragm/micropumps, light-emitting diodes, swim-
ming robots, conducting nanowire probes, drug delivery, active 
catheters (Figure 6E), batteries, supercapacitors, electrochromic 
devices, selective membranes, braille display, microelectronics, 
sensors, etc.[2,163,175,182,186–192]

3.8. Stimuli-Responsive Gels

Smart hydrogels are made of networks of cross-linked long 
polymer chains that swell/deswell water in response to an 

Adv. Mater. 2018, 30, 1704407

Table 12.  Conducting-polymer actuators.

Property Conducting polymersa)

Stimulus Voltage (charge injection in the structure)

Amplitude of stimulus 2–10 V[162] (<40 V as an electrode)[193]

Strain [%] 2–10[158] (<40)[194,195]

Stress [MPa] <34[158]

Strain rate [% s−1] <12[191]

Work density [MJ m−3] <100[196]

Tensile strength [MPa] ≈100[197]

Bandwidth [Hz] <1000[198]

Efficiency [%] <18[199]

Cycle life <500 000[200]

Conductivity [MS m−1] >1[201]

a)All the numbers are experimental results reported in the literature.
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external stimulus. Temperature and pH are two typical stimuli 
that activate hydrogels, however, some specific gels respond to 
other stimuli such as light intensity, electric field, specific chem-
icals, and biomolecules. Hydrogels generate relatively small 
forces, however, the relative volumetric change they can achieve 
is relatively large compared to what other actuators offer.

Smart hydrogels are very attractive for biomedical appli-
cations and their chemistry and mechanical properties and 
behavior are extensively studied. In this section, we give a 
brief introduction to these smart materials and discuss their 
applications and limitations. More information on fabrication 
processes and mechanical modeling of these materials can be 
found in the literature.[3,202–204]

3.8.1. Mechanism

Temperature-responsive hydrogels can be divided into two 
major categories: lower critical solution temperature (LCST) 
and upper critical solution temperature (UCST). In the first 
group, at temperatures below LCST, the hydrogel, which has 
a combination of hydrophobic and hydrophilic segments in 
the polymer chain, swells due to domination of hydrophilic 
interaction with water, while at temperatures above LCST, the 
hydrogen bonds with water are broken and hydrophobic inter-
actions between the polymer chains dominate, which results 
into the deswelling of hydrogels (Figure 7A–G). However, the 
case is different in UCST hydrogels, they exhibit deswelling 
behavior below UCST and swelling above UCST. At tempera-
tures below UCST, strong hydrogen bonding leads to a dense 
complex structure, but as the temperature increases above 
the UCST, the hydrogen bonds break and the hydrogel starts 
swelling. The LCST can be increased or decreased in the hydro-
gels of the first group by addition of hydrophilic or hydrophobic 
comonomers, respectively.

In pH-responsive hydrogels, variation in pH alters the balance 
of hydrophobic/hydrophilic polymer chains, which leads to a 
large change in the properties of the gel structure. pH-responsive 
hydrogels can be prepared by cross-linking of polyelectrolytes 
(e.g., polycations and polyanions) or polymerization of 
pH-sensitive monomers that have ionizable functional groups. 
Depending on the nature of the side groups, pH sensitive 
hydrogels can be classified into groups of anionic and cationic 
hydrogels. Anionic hydrogels show maximum swelling when 
pKa of ionizable groups is higher than the pH of the medium, 
while cationic hydrogels show maximum swelling when pKb of 
the ionizable groups is lower than the pH of the medium.

Light-responsive hydrogels are typically comprised of a 
polymeric network with photoreactive groups. The photoreac-
tive groups alter the properties (e.g., elasticity, swelling degree, 
viscosity, etc.) of the polymeric network under photoexcitation 
(Figure 7J). Azobenzene is one of the commonly used photo-
active materials used for light-sensitive hydrogels (refer to the 
section of photoexcited actuators).

Electroresponsive hydrogels undergo various shape changes 
such as contraction, elongation, and bending in response to an 
electric field. Using electric field as the stimulus enables pre-
cise control of the hydrogel response. The working principle of 
electroresponsive hydrogels can be very similar to that of the 

IPMCs. The hydrogel network has fixed charges on its network 
with mobile ions maintaining the electroneutrality. Upon exci-
tation with an electric field, migration of mobile ions can gen-
erate stress gradient, thus a deformation, such as bending, in 
the structure.

Smart hydrogels have demonstrated energy densities up to 
460 kJ m−3 and strains of up to 90% under 4 MPa load.[202,205] 
For thin gels, time response of less than 0.5 s is achieved, which 
is slower than rigid actuators such as piezoactuators and shape-
memory alloys, but yet it is sufficient to be used in actuators 
where slow response is required (e.g., drug delivery). Another 
remarkable property of hydrogels is their ability to be stretched 
up to 1200% (Figure 7H).[206]

3.8.2. Limitations

The relatively slow response time of hydrogels as well as chem-
ical stability and performance degradation over time are among 
the limitations for these smart materials.

3.8.3. Applications

Applications include artificial skins,[207] artificial-muscle actua-
tors,[208] programmable structures (Figure 7I),[209] adaptive 
lenses,[119] drug delivery,[210] and many more.[3]

3.9. Piezoelectric Actuators

Some crystal structures with no inversion symmetry (such as 
perovskite and wurtzite crystal structures) have a net nonzero 
charge in each unit cell. This property leads to formation of 
electric field across the material under mechanical stress and 
vice versa, which is known as the piezoelectric effect. Piezoac-
tuators have large number of commercial applications and the 
research field on this topic is very broad and extensively studied. 
Here, we briefly introduce few piezomaterials with their prop-
erties, limitations, and applications. More information can be 
found in review books and articles on this topic.[210]

PZT (Pb[ZrxTi1−x]O3), PMN (Pb[Mg1/3Nb2/3]O3), and PZN 
(Pb[Zn1/3Nb2/3]O3) are among the materials with high electro-
mechanical coupling and piezoelectric coefficient (i.e., d33 = P/σ 
where P is the polarization and σ is the stress). PZT is a poly-
crystalline ceramic which is commonly used in the design of 
piezoelectric actuators, ultrasonic transducers, and piezo-
electric resonators in general. It can generate up to 0.2% strain 
with electromechanical coupling of >0.5 (Table 13). In contrast, 
single crystal of PT (PbTiO3)–PMN or PT–PZN exhibit better 
piezoelectric properties compared to those of PZT (Table 13).

The strain in the piezoceramics is relatively small and uti-
lizing them in a bimorph structure can amplify this strain by 
generating bending actuation. Other forms that are developed 
are piezotubes (for microrobotic applications) and piezostacks 
(for large strain–stress actuation). Piezoactuators typically have 
very large bandwidth (up to 10 MHz resonance frequency), 
enabling application in ultrasound transducers and buzzers. 
Due to the reversibility of the piezoelectric effect, materials 

Adv. Mater. 2018, 30, 1704407
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such as PZT and ZnO nanowires are demonstrated to harvest 
mechanical energy as well.[212,213] By laterally coupling a verti-
cally excited piezostack with another piezocrystal and driving 
the structure at its resonance frequency, voltage transformers 
are demonstrated from PZT piezoactuators.

3.9.1. Limitations

Small actuation strains, as well as large excitation field  
(MV m−1 range), are two of the major undesirable characteris-
tics of piezoceramics.

Adv. Mater. 2018, 30, 1704407

Figure 7.  A–F) Hydrogel schematics with nanostructured architecture. (A) Chemical structure of N-isopropylacrylamide (NIPAM) and N,N-methylen-
ebisacrylamide (MBA). (B) Activated nanogels (ANGs) bearing unsaturated double bonds fabricated by precipitation polymerization of NIPAM and 
MBA, which is initiated by potassium persulfate (KPS) in the presence of amphiphilic sodium dodecyl sulfate (SDS). (C) Chemical structure of the ANG 
showing the unsaturated double bonds from the unreacted parts of the MBA. (D) Optical image showing that the nanostructured hydrogels (NSG), 
which are fabricated from the ANGs and NIPAM with N,N,N′,N′-tetramethylethylenediamine (TEMED) as an accelerator at 0 °C, are transparent at 
temperature below the LCST. Schematics of the NSG hydrogel with nanostructured architecture in the swollen state at temperature below the LCST (E), 
and in the shrunken state at temperature above the LCST (F). G) Optical images showing the NSG and NG hydrogel samples in swollen states at 20 °C 
(<LCST) and in shrunken states at 40 °C (>LCST) in pure water. Scale bar: 10 mm. H) Optical images showing the process of an NSG hydrogel being 
stretched to ≈12 times its initial length in a tensile machine. I) Programmable cubes – a folding cube based on thermally responsive actuators. (Top) 
Fabrication scheme for folding cubes based on SWNT–poly(N-isopropylacrylamide) on a low-density polyethylene (pNIPAM/LDPE) bilayer actuators; 
(middle) cube folding by thermal actuation in 48 °C water; (bottom) the cube reversibly unfolds by cooling down the water bath in which the cube is 
immersed. J) A large-scale integration technology for MEMS based on the optoelectrothermic control of a temperature-sensitive hydrogel. The hydrogel 
itself acts as an active functional unit, i.e., as an actuator. The display comprises more than 4000 individual actuators and provides both, visual and 
palpable artificial impressions of a surface. (A–H) Reproduced with permission.[206] Copyright 2013, Macmillan Publishers Limited. (I) Reproduced with 
permission.[209] Copyright 2011, American Chemical Society. (J) Reproduced with permission.[207] Copyright 2009, Wiley-VCH.
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3.9.2. Applications

Micropumps, ultrasonic transducer, scanning probe microscopy, 
aerosol production, piezomotors, bending actuators, piezolighters, 
micro-/nanomanipulators, and energy-harvesting devices are 
some of the popular applications for piezoelectric actuators.[211]

3.10. Electrostrictive, Magnetostrictive, and Photostrictive 
Actuators

Stimuli such as electric, magnetic, or electromagnetic field can 
actuate particular materials. Striction, the act of constricting, is 
the word used in combination with the stimulus to name these 
materials. There is a limited amount of recent research work 
on these materials and here, we briefly discuss their working 
mechanism as well as some of their properties.

3.10.1. Electrostrictive Actuators

All dielectric materials under an external electric field exhibit 
displacement of the atoms in the crystal lattice, which is called 
electrostriction. While electrostriction applies to all crystal 
symmetries, piezoelectric effect only applies to certain crystal 
structures (refer to “Piezoelectric Actuators” Section). The 
strain–electric field relationship in electrostrictive materials is 
parabolic, while in piezoelectric materials, it is linear. Lead-based 
ceramics such as lead magnesium niobate (PMN), lead mag-
nesium niobate–lead titanate (PMN–PT), and lead lanthanum 
zirconate titanate (PLZT) are among the relaxor ferroelectrics 
that are highly electrostrictive. PMN actuators are very similar 
to piezoactuators with few important differences. PMN is a non-
poled ceramic with centrosymmetric unit cells (at 0 V) and oper-
ates above the Curie temperature, which is very low compared 
to piezoceramics. These actuators typically exhibit hysteresis 
on the order of 3%, which is less than that of the piezoactua-
tors (in a specific temperature range). Aside from ceramics, it is 
shown that polymers can exhibit electrostriction as well. High 
energy electron irradiated (HEEI) poly(vinylidene fluoride-co- 
trifluoroethylene) (P(VDF-TrFE)) copolymers, electrostrictive 
graft elastomers (G-elastomers), P(VDF-TrFE)-based terpoly-
mers are among the well-studied electrostrictive polymers.

(HEEI) P(VDF-TrFE) copolymers are simply normal ferro-
electric P(VDF-TrFE) polymers that are converted into a relaxor 
ferroelectric polymer (i.e., a ferroelectric material that exhibits 
high electrostriction) under exposure of high-energy-electron 
irradiations. These materials can have dielectric constants of 

up to 60 (around room temperature) and exhibit strains of up to 
10% (across the thickness) under 9 MV m−1.[214] It is shown that 
reasonably flat frequency response of up to 100 kHz is possible 
(with resonance peaks).[215] The energy density generated by 
(HEEI) P(VDF-TrFE) copolymers can be as high as 1 MJ m−3, 
which is typically due to the relatively high elastic modulus.[215] 
Electrostrictive graft elastomers can produce strains as high 
as 4% (across the thickness) with elastic energy density of 
0.46 MJ m−3.[216] With P(VDF-TrFE)-based terpolymers such as 
poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene 
terpolymer) (P(VDF-TrFE-CFE)), terpolymer thickness strains 
of up to 7% is achieved.[217] These electrostrictive polymers can 
generate energy density of up to 1.1 MJ m−3 (@4.5% strain) 
with longitudinal coupling factor (k33) of 0.55.[218]

It is important to note that although the strain is in a reason-
able range, the actual displacement is typically less than a few 
hundred micrometers.

Limitations: The quadratic relationship between voltage and 
displacement leads to a highly nonlinear actuation behavior, 
which adds complexity to the controller. Some electrostrictive 
ceramics such as PMN exhibit capacitance up to five times higher 
than the piezoactuators, which increases the driving currents.

Applications: The applications are very similar to those for 
piezoactuators.

3.10.2. Magnetostrictive Actuators

Magnetostrictive materials can generate strain in response to 
excitation with magnetic field. Pure elements such as cobalt[219] 
and nickel[219] and alloys such as Terfenol-D, (Ter for terbium, 
Fe for iron, NOL for Naval Ordnance Laboratory, and D for 
dysprosium),[220] amorphous alloy Fe81Si3.5B13.5C2 (under 
trade mark of Metglas 2605 SC),[221] iron–aluminum alloy 
(from Alperm family),[222] gallium–iron alloy (Galfenol),[223] 
and 2V-Permendur (i.e., a cobalt–iron alloy containing 2% 
vanadium (Fe0.49Co0.49V0.02))[224] are among the materials that 
exhibit magnetostrictive behavior. Owing to its great per-
formance, Terfenol-D (TbxDy1−xFe2 with x ≈ 0.3) is the most 
industrially applied magnetostrictive material and can generate 
strains up to 0.2–0.24% under magnetic field of 40 kA m−1 
and stress of 20 MPa with bandwidths up to 20 kHz.[225] More 
information on the performance of other alloys of Terfenol-
D and giant magnetostrictive materials can be found in the 
works by Liu et al.[219] and Buschow.[225]

A typical magnetostrictive actuator consists of a coil with 
magnetostrictive material as the core. Similar configuration 
is found in AC transformers, in which magnetostrictive phe-
nomena is responsible for generating the 60 or 50 Hz hum.

Limitations: One of the limitations of magnetostrictive mate-
rials is the small strain that they can create (<0.5%). Aside from 
that, they exhibit hysteresis (magnetostriction vs strength of 
magnetizing field). Undesirable mechanical properties (e.g., 
brittleness, high stiffness) of some of these magnetostrictive 
materials are also limiting their applications.

Applications: Nickle and Alperm were mainly used in early 
sonar transducers in World War II. Later, they were replaced 
with Terfenol-D due to its superb performance. One of 
commercial products that uses Terfenol-D is the “Soundbug” by 

Adv. Mater. 2018, 30, 1704407

Table 13.  Piezoelectric properties of some piezoelectric materials at 
room temperature.[211]

Property PZT PMN–PT PZN–PT

Strain [%] 0.2 0.6 1.7

Stress [MPa] 110 >100 130

Efficiency [%] 90 90 90

Electromechanical coupling (k33) 0.7 0.92 0.95

Piezoelectric coefficient (d33) [pC N−1] 750 2500 2500
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Olympia which converts any large thin surface to a loudspeaker 
by suction to the surface (Figure 8D).

3.10.3. Photostrictive Actuators

As the name suggests, light creates dimensional change in 
photostrictive materials. The working principle can be seen 
as superposition of photovoltaic effect (i.e., generation of elec-
tric field due to photoexcitation) and converse piezoelectric 
effect (i.e., actuation under electric field). First observation 
of photostriction in electrically polar materials is reported for 
single crystals of SbSI exhibiting up to ≈0.04% strain (at wave-
length of 700 nm) in temperatures less than 295 K.[229] (Pb,La)
(Zr,Ti)O3 (aka, PLZT) ceramics, with composition formula of 
Pb1−xLax(ZryTiz)1−x/4O3, doped with WO3 exhibit large photo-
striction when excited with near-UV at room temperature.[230] It 
is shown that electric fields of up to 1 MV m−1 can be generated 
by a PLZT bimorph when subjected to UV radiation. PLZT 
can generate output strain and strain rate of up to 0.01% and 
0.01% s−1, respectively.[230,231] Other materials such as Sn2P2S6 
single crystals and ceramics, BiFeO3 crystals and films, and 

PbTiO3 thin films have shown photostriction with very small 
strains (<<0.01%). However, the response time is very fast 
(nanoseconds to microseconds).[232] Polar semiconductors such 
as CdS single crystals, GaAs single crystals, as well as nonpolar 
semiconductors such as Ge and Si have shown photostriction 
with strains on the order of parts per million.[232] Carbon nano-
tubes (both single-walled and multiwalled) and their compos-
ites have demonstrated photostriction with deformations on the 
order of few parts per million.[233,234] Chalcogenide glasses have 
shown photostriction with strains up to 6% in As2S3.[232]

Limitations: The time response in photostrictive materials 
is limited by the RC time constant. Lowering the capacitance 
leads to smaller amplitude but faster response.

Applications: Remotely activated bimorphs, photosensors, 
energy-harvesting devices, and solar-powered miniature robots are 
some of the envisioned applications for photostrictive materials.

3.11. Photoexcited Actuators

Similar to photostrictive materials, photoexcited actuators are 
excited with light but with a different mechanism. The area of 

Adv. Mater. 2018, 30, 1704407

Figure 8.  A) Electrostatic voltmeter. B) The electrostatic force between the middle plate and the adjacent one (shown in the white circle) controls the 
dial on the meter. C) X-Muscle Gen. 2 can produce 6.9 kN peak force providing 1.4 MPa active tension. It is 500 mm long and can generate a stroke of 
200 mm (40%).[226] D) Soundbug by Olympia. Terfenol-D is the actuator used in this speaker and is powerful enough to make the surface it attaches to 
into a speaker. E) Pleated pneumatic artificial muscle. F) A McKibben artificial muscle with asymmetric braiding angle. This asymmetry creates motions 
similar to what an elephant trunk can do. (C) Reproduced with permission.[226] Copyright 2017, Nucleus Scientific. (E) Reproduced with permission.[227] 
Copyright 2012, Taylor & Francis and The Robotics Society of Japan. (F) Reproduced with permission.[228] Copyright 2015, ASME.
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photoresponsive/photoexcited materials is relatively a broad 
field with some overlaps with liquid crystal elastomers. In this 
section, we are briefly discussing the actuation mechanism 
and properties of these materials and more information can be 
found in the literature on this subject.

3.11.1. Mechanisms

Photoisomerization and photothermal actuation are two well-
known mechanisms that convert light to mechanical energy. 
Details of these mechanisms are included in the following text:

Photoisomerization: Some organic polymers such as azoben-
zene, diarylethenes, spiropyrans, and coumarins undergo 
cis–trans photoisomerization transitions upon radiation with 
high energy photons. Upon activation of cis–trans isomeriza-
tion with light, the azobenzene molecular formula remains 
the same, however, its chemical structure changes, which 
causes actuation at bulk level and molecular level.[235,236] These 
azobenzene molecular units can be integrated in other polymer 
networks, such as liquid crystalline polymers or gels,[235,237,238] 
to induce photoactuation in the material. Theoretical strain 
of 7% is predicted for the azobenzene-based oligomer; how-
ever, up to 1% is measured in practice so far.[239] This small 
strain can further be amplified with different geometries such 
as helix or bimorph. Up to 7 MPa is achieved for stretched 
azobenzene liquid crystalline polymer actuators.[240] Energy 
conversion efficiency of 10% is estimated under assumption 
of 100% quantum efficiency for these materials.[236]

Limitations: The generated strain is relatively small and the 
activation light is typically UV, in which combination of these 
two can limit the application in ambient-light-driven devices. 
Aside from these, the time response is relatively slow (on the 
order of seconds), which may require a long time UV exposure.

Aside from organic polymers, spin-crossover molecular crys-
tals can also generate strain (<1.5%) but at very low tempera-
tures (tens of Kelvin). More information on this category can be 
found in ref. [241].

Applications: Applications include bending actuators,[242] 
switches,[242] light-driven wheels/motors,[239] and light/shadow-
activated valves.[239]

Photothermal Actuation: Absorption of light on the surface 
some materials can create stress by formation of localized heat. 
Similar to metallic bimorphs, if one side has a different thermal 
expansion, bending can occur. This idea is implemented in 
atomic force microscopy (AFM) to overcome some of the limi-
tations of piezoacoustic excitation. It is demonstrated that AFM 
cantilevers, typically made of silicon or silicon nitride, coated 
with a metal can be excited with a blue laser (405 nm) to reso-
nate the cantilever.[243]

3.12. Electrostatic Actuators

Electrostatic actuators can be seen as dielectric-free parallel 
plate capacitors. The attractive force between the plates cre-
ates stress on the plates, which is half of the force experienced 
in dielectric elastomers (Equation (9)). This attractive force 
can generate strain in the plates depending on how the plates 

are anchored. The normal stress on the plates scales with the 
square of applied electric field (Equation (9)), therefore, to 
be able to operate at low voltages, the gap between the plates 
should be very small. For such reason, their size is typically very 
small (micrometer range) which have made them very attrac-
tive in MEMS and nano-electromechanical systems (NEMS). 
Typically, the force and displacement generated by these actua-
tors are very small (10−6–10−3 N or m range) but the bandwidth 
is on the order of tens of kilohertz.[244] Normalized force of 
35 kN m−2 with peak strains of up to 10% and power density 
of 17 W kg−1 is achieved for stacked, variable capacitance motor 
with active slider (SVCMA) actuators.[245]

3.12.1. Limitations

Small displacement, large operating voltage for macroscopic 
actuators, and pull-in instability are some of the limitations of 
electrostatic actuators.

3.12.2. Applications

Applications include comb drivers, inject printer head, vacuum 
resonators, capacitive pressure sensors, micropumps, electro-
static loudspeakers, electrostatic voltmeters (Figure 8A,B), and 
radio frequency (RF) switches are among the popular applica-
tions for electrostatic actuators.[246]

3.13. Pneumatic Actuators

Pneumatic actuators are one of the most applied actuators in 
the industry that work on a simple mechanism: pressurization 
of a fluid in an expandable chamber. The chamber can be either 
a piston-cylinder device or an elastically deformable one (e.g., 
a balloon). In this section, we briefly discuss different designs 
for the second category and their performance results. More 
detailed reviews can be found in refs. [247–249].

Similar to other actuators, pneumatic actuators can provide 
linear, torsional, and bending actuation. The linear actuation 
can be achieved in different design architectures including 
enclosed bladders (aka, pneumatic artificial muscles), bel-
lows, and elastic membranes. Pneumatic artificial muscles can 
be divided into four major categories: braided muscle, netted 
muscle, pleated muscle, and embedded muscle.[249]

Braided muscles were originally invented by Dr. O. Häfner, a 
physician at the Heidelberg University, in 1948. It was further 
developed by Dr. Joseph Laws McKibben (an atomic physicist) 
for use in real-life applications in 1952. The muscle is made 
of a very compliant tube (aka, bladder) enclosed in a braiding 
jacket. Upon pressurization of the bladder, due to the confine-
ment by the braids, any volumetric expansion from the bladder 
translates into a linear actuation. Different braiding geometries 
can produce combination of linear, torsional, and bending actu-
ation (Figure 8F).[228]

Netted muscles are similar to braided muscles in design, 
however, instead of using tightly woven braiding, large hole 
mesh is woven around the bladder. The three major types of 

Adv. Mater. 2018, 30, 1704407
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netted muscles are Yarlott, RObotic Muslce ACtuator (ROMAC), 
and Kukolj.

Pleated muscles have bladders that are structured like a 
basic “origami.” Therefore, no elastic expansion of the bladder 
is occurring here (Figure 8E). As a result, minimum energy is 
spent on expanding the membrane.

Embedded muscles, unlike the first two categories, have 
the load carrying elements embedded in the bladder. Morin 
muscle, Baldwin muscle, under pressure artificial muscles 
(UPAM), and Paynter knitted muscle are few examples for this 
category.

PAMs can generate power densities of up to 10 kW kg−1, 
which is relatively a high number compared to that of other 
actuators.

The other important category of pneumatic actuators is 
bending pneumatic actuators. Their working principle is 
simply on asymmetric volumetric expansion of a soft bladder. 
This asymmetric volumetric expansion can be achieved by pres-
surizing the soft bladder nonuniformly or by adding stiffness to 
different sections of bladder. This category is very popular and 
often is considered as a subcategory of soft robotics.[250]

3.13.1. Limitations

One of the major limitations of PAMs is their limited porta-
bility due to the large space that the fluid tank (e.g., pressur-
ized gas bottle) often takes. Different mechanisms are explored 
such as burning liquids/solids[251] with high liquid/solid to gas 
expansion ratio but it requires constant replenishment of fuel.

3.13.2. Applications

Robotic gripper arms, soft manipulators, robotic arms/legs, 
soft-bodied robots are some of the applications for PAMs. 
Table 14 includes some results for PAMs.

3.14. Other Actuators

3.14.1. Bioinspired

Scaling of actuators to micro- or nanoscale can be challenging 
and sometimes impossible. In this case, nature can be a good 

inspiration source. For example, bacterial flagellum is a sub-
micrometer size proton gradient actuator which has not yet 
been mimicked efficiently. The rotary flagella are capable of 
propelling bacteria by a remarkable 60 cell lengths s−1 which 
is higher than the peak 25 body lengths s−1 for a cheetah. 
Utilizing these, tiny microactuators can be used to provide 
micropropellers for microrobotics. In fact, it is shown that sper-
matozoa can be used as the functional component of robotic 
microswimmers.[252]

3.14.2. Phase-Change Effect

The Atmos torsional pendulum clocks are actuated using the 
temperature induced volume change of a liquid/vapor (e.g., 
high molecular weight alcohol) contained within a pleated 
metal bellows. A mechanical full wave rectifier (absolute value 
function) causes the spring in these clocks to be wound up 
for both temperature increases and decreases. Indeed, a 0.5 K 
change in temperature per day is sufficient to keep these clocks 
running.

3.14.3. Lorentz Force

Actuators exploiting the force generated when an electrical cur-
rent interacts with an orthogonal magnetic field to produce a 
mutually orthogonal force are variously known as voice coil 
actuators or Lorentz force actuators. The force densities achiev-
able by these actuators are limited by the current densities of 
the electrical conductor and the magnetic flux density of the 
source of the magnetic field (e.g., a permanent magnet). With 
moderate cooling, copper and silver wires can sustain current 
densities of between 107 and 108 A m−2. Existing high energy 
density permanent magnets (e.g., NdFeB) have magnetic 
energy densities of around 300 kJ m−3. By exploiting efficient 
magnetic circuits (e.g., Halbach arrays), solid state cooling 
(e.g., using graphene), linear Lorentz force actuators (e.g., the 
X-muscle shown in Figure 8C), generating sustained force 
densities of around 350 kN m−2 (i.e., similar to the peak stress 
achieved by mammalian skeletal muscle) is now possible.[253]

4. Conclusion and Perspective

For thousands of years, the only controllable, fast, reversible 
actuator available on the planet was biological muscle. Advances 
in technology have led to the creation of numerous types of 
muscle-like actuators (artificial muscles) that are used in the 
industry to replace human muscle for some specific tasks. The 
artificial-muscle actuator performance metrics of force density, 
power density, peak strain, bandwidth, low cost, cycle life, and 
efficiency have individually exceeded those found in biological 
muscles, but as yet, no artificial muscle has matched those met-
rics simultaneously.

The very long cycle life of the muscle (hundreds of years) 
is achieved because muscle contains in every muscle cell not 
only the code in DNA specifying its design but also the protein 
fabrication machinery for its manufacture and regeneration  

Adv. Mater. 2018, 30, 1704407

Table 14.  Pneumatic artificial muscles.

Property PAMs[247,249]

Stimulus Fluid pressure

Amplitude of stimulus Up to 1 MPa

Strain [%] 15

Force [N] 6 (3.4 MPa normalized to the diameter)

Peak actuation speed [mm s−1] 350

Power density [kW kg−1] 10

Work density [MJ m−3] 0.5

Cycle life 30 000 tested, >100 000 expected
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(the contractile proteins within most muscle fibers regenerate 
themselves every few months).

In addition, real muscles have the ability to modify their 
performance characteristics based on load and other environ-
mental conditions. For example, the molecular structure of the 
heads of myosin proteins in the muscles of weight lifters, run-
ners, and other athletes, changes as a function of training to 
produce muscle fibers having different contraction rates and 
load sustainability durations.

All of these characteristics are well beyond the anticipated 
capabilities of next generation artificial-muscle technolo-
gies. This remains a major but very important challenge for  
future.
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