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ABSTRACT

ARTICLE HISTORY

Smart polymeric and gel actuators change shape or size in
response to stimuli like electricity, heat, or light. These smart
polymeric- and gel-based actuators are compliant and well suited
for development of soft mechatronic and robotic devices. This
paper provides a thorough review of select smart polymeric and
gel actuator materials where an automated and freeform fabrication process, like 3D printing, is exploited to create custom shaped
monolithic devices. In particular, the advantages and limitations,
examples of applications, manufacturing and fabrication techniques, and methods for actuator control are discussed. Finally, a
rigorous comparison and analysis of some of the advantages and
limitations, as well as manufacturing processes, for these materials,
are presented.
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1. Introduction
This paper provides a thorough review of select smart polymeric and gel actuators for
use in mm to cm scale 3D printed soft mechatronic and robotics applications. These
innovative smart polymeric- and gel-based actuators change shape or size in response
to stimuli like electricity, heat, or light. For instance, ionic polymer metal composites
(IPMCs) are composites (of ion exchange materials and electrodes) that bend in response
to an applied voltage, as shown in Figure 1(a1)–(a3); ionic gels are polymerized mixtures
(of ionic liquids and vinyl monomers) that deform in response to an electric ﬁeld applied
in an electrolytic environment, as shown in Figure 1(b1)-(b3); shape memory polymers
(SMP)s are any polymeric material that exhibits the ability to ‘freeze’ in and release from
a deformed shape in response to heat, solvent and/or light, as shown in Figure 1(c1)(c3); and liquid crystal polymers are polymers with mesogenic groups that undergo
liquid crystal phase transitions in response to light and or heat causing the material to
change shape or size, as shown in Figure 1(d1)-(d3). Smart polymeric actuators are an
enabling technology for soft miniature mechatronic and robotic systems like micromanipulators and miniature mobile platforms [1]. Moreover, smart polymeric materials can
also be used in, micro-machining and other monolithic, free-form manufacturing
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Figure 1. Freeform fabrication of robotic and shape-changing devices using smart polymeric
materials: (a1) fused-ﬁlament fabrication (3D printing) of IPMC soft crawling robot, (a2) locomotion
of 3D-printed IPMC-based crawling robot, and (a3) photo of 3D-printed IPMC-based crawling robot
crawling along a tube; (b1) fabrication of an ionogel-based crawling robot, (b2) locomotion of an
ionogel-based crawling robot, (b3) photo of an ionogel-based crawling robot crawling along a PDMS
substrate; (c1) micro-projection stereolithographic (µSLA) fabrication of a SMP based ﬂower, (c2)
restoration of SMP ﬂowers unstrained shape in response to heat, and (c3) picture of SMP ﬂower in its
unstrained shape; (d1) inkjet printing and micromachining of a phototropic liquid crystal elastomer
(LCE) based artiﬁcial cilia array, (d2) actuation cycle of LCE based artiﬁcial cilia array in response to
visible and UV light, and (d3) picture of actuating LCE based artiﬁcial cilia array exhibiting fast
response time. Figures (a1)-(a3) adapted with permission from [11]. Figures (b1)-(b3) adapted with
permission from [7]. Figures (c1)-(c3) adapted with permission from [9]. Figures (d1)-(d3) adapted
with permission from [6].

techniques such as 3D printing [2–10], as shown in Figure 1. This allows the fabrication
of custom soft devices with intrinsic actuation capability, without needing to assemble
the printed body with actuators and sensors.
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As examples, crawling robots have been fabricated completely out of 3D-printed
IPMC material [11] and laser-cut ionogel material [7], as shown in Figure 1(a1)-(b3);
shape changing parts such as a ﬂowers have been fabricated from SMPs using projection micro-stereolithography (µSLA) [9], as shown in Figure 1(c1)-(c3), and an artiﬁcial
cilia array has been fabricated using inkjet printing and micromachining techniques to
deposit and etch liquid crystal elastomer [6], as shown in Figure 1(d1)-(d3). However, a
guide is needed for choosing smart polymeric or gel actuator material for a given
application; speciﬁcally, for use in fabricating monolithic smart polymeric mechatronic
and robotic devices. Therefore, this paper provides a thorough review of select smart
polymeric and gel actuators that have been demonstrated for use in soft mechatronic
and soft robotic applications and have been manufactured using a monolithic freeform
fabrication technique such as 3D printing. This paper also compares performance
parameters for these materials, identiﬁes potential applications based on their advantages, and introduces methods for fabrication and motion control. Finally, a comparison
of freeform fabrication techniques used to create monolithic devices out of these
materials is made and challenges and limitations are presented.
Smart polymeric and gel actuators have numerous advantages compared to traditional actuators and even other smart-material actuators such as piezoelectric actuators.
For instance, they are able to safely operate near humans since they are compliant
[1,12]. Smart polymeric actuators allow inexpensive mass production, have fewer components, and are easier to miniaturize than traditional actuators [1]. Smart polymeric
actuators can also absorb impulsive loads and are light weight, like other soft robotic
materials [13]. For this reason, these actuators have been applied to a variety of
applications. For instance, IPMCs have been used to create serial and parallel manipulators [14,15], grippers [16], and propulsors for generating locomotion in underwater
systems [17–19]. Dielectric elastomer actuators (DEAs) and related polyvinyl gel artiﬁcial
muscles (PVCAM) have been used to create a variety of crawling robots [20,21]. Shape
memory polymers have been employed as ingestible origami robots [22] and a 3Dprinted gripper [9]. Liquid crystal polymers have been used as artiﬁcial muscles [23],
artiﬁcial cilia arrays [6], and a crawling device [24].
However, use of soft polymeric and gel actuators in applications such as small manipulators and small locomotive platforms requires suitable materials and manufacturing
methods. For instance, the material must be capable of the response time, stroke and
material stress required, and the manufacturing process should be able to easily produce a
variety of custom designs. Recent work provides a comprehensive review of soft actuators
that spans multiple material types and performance ranges that may consequentlyhave
very diﬀerent ideal applications [1]. While the review oﬀered in [1] is valuable for covering all
soft actuators it does not focus on any subset of materials selected for use in a particular
manufacturing paradigm and application because of its large scope.
The contribution of this paper is a thorough review of select polymeric- and gelbased actuators that have the potential to be used in soft mechatronics and robotics
(such as manipulators and locomotive platforms) and have been manufactured through
some type of freeform fabrication technique such as 3D printing. This paper describes
the advantages of each material, suitable applications for them, and the manufacturing
processes for fabricating them, with special emphasis on free-form fabrication techniques. Known challenges to controlling the materials and ways to address these
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challenges are also identiﬁed. Additionally, this paper reiterates and expands on comparisons of critical performance characteristics for the selected materials, acknowledging
a debt to prior reviews [1,25–32]. This paper also makes an independent contribution by
demonstrating custom-shaped monolithic 3D-printed IPMC actuators fabricated using a
fused-ﬁlament fabrication technique and comparing them to analogous systems
assembled from conventional IPMC bending actuators.
The rest of this paper is dedicated to the speciﬁc types of actuators that will be
discussed and is organized as follows: Section 2 deals with IPMCs as well as similar
composites with non-metallic electrodes; Section 3 deals with conjugated polymers and
ionic gel actuators; Section 4 deals with shape memory polymer actuators; Section 5
deals with liquid crystal polymer actuators; Section 6 brieﬂy addresses other commonly
used and promising soft actuator materials; Section 7 presents an in-depth analysis and
comparison of the actuator materials, suitable applications and their manufacturing
methods. Finally, concluding remarks are made in Sec. 8.

2. Ionic polymer metal composites
This section will begin by introducing what IPMCs are, how they work, and their
advantages and applications. Next, this section will discuss conventional materials and
manufacturing methods for IPMCs, as well as automated and freeform adaptations of
these techniques. This will include a recently developed method using fused ﬁlament
fabrication (3D printing) to create custom shaped monolithic IPMCs that exhibit complex
motion [8, 33]. The actuation response of 3D-printed, custom-shaped, monolithic IPMC
actuators will be presented and compared to similar actuators constructed by assembling bending style actuators with other passive components. Finally, this section
discusses challenges to motion control of IPMCs as well as strategies for addressing
them.

2.1. Composition, mechanics, and advantages
As shown in Figure 2(a), an IPMC is a composite of an ion-exchange membrane (an
ionomer) and conductive electrode layers which are often noble metals such as platinum or gold [26]. Ion exchange membranes have ionic groups that are neutralized by a
counterionic species, as shown in Figure 2(b). When a voltage is applied across the
electrodes of a hydrated IPMC (with a negatively charged ionexchange membrane), the
counterions (positively charged) rapidly migrate towards the cathode in response to the
electric ﬁeld [34–36]. This is immediately followed by a mechanical bending toward the
anode, as shown in Figure 2(d). The counterion transport is attributed as a cause of IPMC
actuation and sensing [26,35,37,38]. For instance, physics based models of IPMC actuation generally take the form of a Poisson–Nernst–Planck (PNP) system to calculate
counterion concentration and electric potential within the ionomer and an electromechanical eigenstress is assumed to be proportional to the charge density [35].
As smart polymeric actuators, IPMCs have the advantages of low actuation voltage
(<3V), time response on the order of seconds, continuous operation in aqueous environments, functionality from nanometer to centimeter scales, and the potential to be
used as sensors [1,27,39]. Moreover, it has been demonstrated in several studies that
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Figure 2. Structure and mechanics of actuation of IPMCs: (a) IPMC composed of platinum electrodes
and a Naﬁon ionomer, (b) molecular composition of Naﬁon in its acid form (with H+ neutralized end
groups), (c) IPMCs, exhibiting even distribution of hydrated cations within the ion-exchange
membrane and (d) response of a hydrated IPMC to an applied voltage across its electrodes,
exhibiting the migration of hydrated cations towards the cathode and a resulting bending towards
the anode. Figures (a) and (b) taken with permission from [222].

IPMCs exhibit impressively linear actuator and sensor responses over a wide range of
frequencies, when considering the correlation of voltage to bending curvature [35]. For
instance [40], illustrates that peak open circuit voltage is linearly proportional to the
bending angle of cantilevered IPMCs at higher bending rates (>45ο s−1) and [41]
suggests that the sensor response of IPMCs is well described by a linearized form of
the PNP system, which neglects nonlinear electromigration.
The disadvantages of IPMCs include a lower work density (5.5 kJ/m3) than dielectric
elastomer actuators (DEAs) and other electroactive polymers (EAPs) [1], non-repeatability
[42] and a dynamic sensor response [39]. Also, some IPMCs exhibit back-relaxation in
response to low frequency inputs [42, 43]. Additionally, IPMCs can be damaged if the
input voltage exceeds the decomposition voltage of their hydrating solvent [44] or if the
electrodes are cracked as may happen if the IPMC is allowed to dry out [45]. Other
notable investigations of IPMC composition, mechanics and advantages and related
studies include [46–59].

2.2. Applications
IPMCs are ideal for applications that leverage their low actuation voltage, ﬂexibility, large
bending response, and functionality in aqueous environments. This makes them attractive in micrometer-scale to centimeter-scale robotics, and biomedical applications. IPMC
micromanipulators can potentially replace costly traditional systems for tasks such as
biological cell handling or manipulation of other sensitive biological specimens [14,15].
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The composite material’s inherent compliance has been leveraged for use in stiﬀness
control of a micro-gripper in a peg-in-hole assembly task [16]. Because they can operate
in aqueous environments, IPMCs have also been used to create artiﬁcial ﬁns for silent,
monolithic propulsion mechanisms in underwater vehicles [60–63]. The bending locomotion of IPMCs also make them useful for developing crawling or swimming robots
that employ serpentine locomotion [64]. They have also been used in microﬂuidic valves
and pumps [65], catheters [66], and endoscopes [67].

2.3. Conventional manufacturing and materials
Manufacturing IPMCs consists of two conceptually distinct parts: (1) shaping the ionomeric material and (2) developing electrodes on the surface of the ionomeric material.
This subsection will ﬁrst discuss ionomeric materials used in IPMCs. This will include the
properties of these materials that inﬂuence IPMC performance and the advantages and
disadvantages of some example materials. This will be followed by a discussion of how
to shape ionomeric materials. Finally, this section will conclude by addressing methods
and materials used to develop electrodes on the surface of the ionomeric material.

2.3.1. Ionomeric materials for IPMCs
The ionomeric materials employed in IPMCs are often referred to as ion-exchange
membranes or polyelectrolytes. These ionomers will swell if immersed in a solvent but
maintain their structural integrity. Phase separation of the hydrophobic polymer from its
hydrophilic ionic groups results in a network that conducts hydrated ions in the material.
Some examples of the large variety of ion-exchange materials that are used in IPMCs
and other ionic polymer actuators are listed in Table 1. As exhibited in Table 1, IPMCs
have been fabricated using both perﬂuorosulfonic membranes such as Naﬁon as well as
a variety of sulfonated hydrocarbons, such as sulfonated polystyrene [68–75].
Ion-exchange membranes for IPMCs are selected to have high water uptake, ion-exchange
capacity, and conductivity [76]. Additionally, it is desirable that the ion-exchange material be
chemically, thermally, and mechanically stable, easy to manufacture, and inexpensive.
Perﬂuorosulfonic membranes are especially noted for their stability and high conductivity,
but can be expensive and hard to manufacture. By contrast, the sulfonated hydrocarbons
listed in Table 1 all have superior water uptake and ion-exchange capacity to the perﬂuorosulfonic membranes. IPMCs composed of these materials also exhibit superior deﬂection and
blocking force to perﬂuorosulfonic-based IPMCs fabricated using identical electroding processes. This has been attributed to a smoother and thicker electrode layer resulting from
electroless plating of the ion-exchange membranes [73]. These materials are also easier to
manufacture and less expensive than perﬂuorosulfonic membranes such as Naﬁon. For more
materials used in IPMCs also refer to [103]
2.3.2. Shaping the ionomeric material
Ionomeric materials are not generally melt-processable, because of electrostatic interaction between ionic groups [77]. Nonetheless, ionomeric material can still be formed in
custom shapes using a variety of methods. Ionomeric materials can be fused together
using heat and pressure (hot pressing) [78]. Thicker sheets of material may be fabricated

Short side chain
perﬂuorosulfonic
membrane

Aquivion

103–113
in water
@ 60 C [73]

160 [74]

Lightly sulfonated
hydrocarbon membrane

Sulfonated hydrocarbon
membrane

Poly(styrene-co-styrene
sulfonic acid)

- (CH-CH2)m- (CH2-CH2)nC6H4-SO3H

Sulfonated poly(styrene
-ran- ethylene)

- (CH-CH2)m- (CH-CH2)nC6H4-SO3H C6H5

20 @ 27 C
in Li+ form [69]

Perﬂuorocarboxylic
membrane

35 in water
@ 100 C [71]

Water uptake
(% mass)
38 @ 100C [68]
30 @ 27 C
in Li+ form [69]

Flemion 1.44

(CF2CF) (CF2CF2)n |
O-CF2CF2-SO3H

Description
Long side chain
perﬂuorosulfonic
membrane

Material & composition
Naﬁon-117

Not available

Not available

694 [70]

870 [71]

0.013 [74]

0.0640–0.069
in water
@ 60 C [73]

Not available

0.228 min [71]

659.6 [74]

154–214
in water
@ 60 C [73]

Not available

240 [71]

@ 100 C [68]

RH and 23 C
114 soaked
@ 23 C
64 soaked

Equivalent
Elastic
weight (g/mol) Conductivity (S/cm) modulus (MPa)
1100 [68,70] 0.10 min [68]
249 @ 50%

1.86 [74]

1.75–2.23
[73]

1.44 [69]

1.12 [71]

Ion-exchange
capacity (meq/g)
0.90 min [68,70]

(Continued )

**179.00
per 100 ml solution

*16.32
per 0.30 m x
0.30 m x 190 µm
sheet

Not available

320.00
per 0.31 m x
0.31 m x 50 µm
sheet

Cost (USD)
788.00
per 0.30 m x
0.30 m x 177.8 µm
sheet 532.00
per 100 ml
solution

Table 1. Ion exchange/poly-electrolyte materials for use in ionic polymer metal composites and other ionic polymer actuators. All values pertain to the acid
(H+) form unless speciﬁed diﬀerently. Costs are from Sigma-Aldrich.
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Sulfonated hydrocarbon
membrane

Description
34.1–49.5
increases w/
sulfonation level
[75]

Water uptake
(% mass)
Not available

Equivalent
weight (g/mol)

*Cost of polystyrene, which requires subsequent sulfonation.
**Cost of polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene, sulfonated solution

3

(C6H4-SO2-C6H4-O-C6H3-C-C6H4-O)n
SO -

Sulfonated polysulfone

Material & composition

Table 1. (Continued).

0.004–0.048
increases w/
sulfonation level
[75]

859–1200 dry
370–569 wet
[75]

Elastic
Conductivity (S/cm) modulus (MPa)

1.39–2.1
increases w/
sulfonation level
[75]

Ion-exchange
capacity (meq/g)

Cost (USD)
Not available
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in this manner, as shown in Figure 3(a1). Custom geometry can also be fabricated by
pressing Naﬁon pelts in a heated mold, as shown in Figure 3(a2).
Alternatively, ionomeric material is also available in liquid dispersions. Liquid dispersions can be cast into a mold [79], as shown in Figure 3(b1) or stencilled onto a surface
[80], as shown in Figure 3(b2). The dispersion is left to cure and successive layers are
added to thicken the material. These approaches can potentially be used to fabricate a
wide variety of custom shaped IPMCs. However, challenges to this process are the
requisite drying time between dispensing layers and possibly needing to anneal the
cured product to overcome brittleness and weak actuation [4].

Figure 3. Methods of shaping ionomeric materials such as Naﬁon: (a1) heat and pressure are used to
fuse Naﬁon membranes together (hot pressing), (a2) ion-exchange material is pressed into a heated
mold, (b1) solvents are evaporated out of Naﬁon dispersions in a vacuum oven (dispersion recasting), (b2) dispersion is patterned onto the surface of a material using a stencil, (c1) freeform
fabrication of IPMCs using dispersions of ionomeric material cast into a 3D-printed silicone mold
and fused ﬁlament fabrication of precursor to ion-exchange material. Figure (a2) reprinted with
permission from [223]. Figure (b2) reprinted with permission from [224]. Figure (c1) reprinted with
permission from [4]. Figure (c2) reprinted with permission from [11].
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An alternative to shaping ionomeric materials directly, is to shape the melt-processable precursor of ion-exchange material by methods such as extrusion or injection
molding and then conversion of the material to its ionomeric form using an in situ
functionalization process. This can be done by hydrolysis with an aqueous solution of
potassium hydroxide (KOH) and dimethyl sulfoxide (DMSO) for perﬂuorosulfonic membranes [27,81]. An appropriate in situ sulfonation process would have to be identiﬁed to
apply a similar approach to a hydrocarbon, like polystyrene.

2.3.3. Applying electrodes
Electrical power is delivered to an IPMC through surface electrodes. Electrodes should be
deposited close to the surface of the ionomeric material; maximize the area of interface
between the membrane and the electrode; minimize the electrical resistance across the
electrode; form a uniform electrode layer; be chemically and mechanically stable and not
lose adhesion upon hydrating the ionomeric material [25]. Methods and materials for
developing electrodes on ion-exchange membranes can be evaluated based on these
criteria.
Conventionally, IPMCs have noble metal electrodes such as platinum or gold, to resist
corrosion. These electrodes are typically developed using electroless plating processes
such as ‘reductant permeation’ or ‘impregnation reduction’ [25,82,83]. The impregnation
reduction method is generally used to develop platinum electrodes on Naﬁon [25]. This
approach involves depositing metal salt ions in the ionomeric material through an ionexchange process. These ions are then converted to their elemental form using a
reducing agent such as sodium borohydride [25,82]. There are several variations on
this approach, such as the use of palladium as well as platinum [84], and a reverse
impregnation reduction process [85], that have led to more uniform electrode
layers [25].
It is generally necessary to repeat this plating process multiple times in order to get
the best possible performance [83], as illustrated in Figure 4. Repetition of the chemical
plating process produces a high surface area at the interface between the electrode and
the ionomeric material by promoting the growth of ‘nanothorn’ clusters as shown in
Figure 4(a). This is thought to increase the charge density and improve the bending
response of the IPMC actuator which is consistent with the results shown in Figure 4
(b) [83].
The disadvantage of the electroless plating process is that it takes a long time (>
7 hours) for a single cycle [86]. Electroplating or a secondary electroless plating process
is also generally required to further develop the metal electrode which can also be time
consuming [82,87]. However, the electroless plating process has generally been preferred for development of metal electrodes because it results in good adhesion, high
interface area, and good actuation characteristics [25].
Alternatives to electroless plating is physical deposition of the electrodes, such as
through solution casting [79], hot pressing or a combination of the two in a direct
assembly process (DAP) [88,99]. These approaches are much less time consuming, but
development of metal electrodes through these methods resulted in low membrane/
electrode interface area, delamination, and the resulting IPMCs exhibit poor actuation [25].
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Figure 4. Growth of ‘nanothorn’ clusters at Naﬁon-platinum electrode interface and improved
bending performance in response to repeated chemical plating processes where Pt(n) indicates an
IPMC fabricated with n number of plating processes: (a) Naﬁon-platinum electrode interface, (b)
bending response of IPMCs to 0.1 Hz, 1 V square-wave inputs, (c) bending response of IPMCs to
0.1 Hz, 3 V square-wave inputs. Figures reprinted with permission from [83].

Recently however, alternative electrode materials such as graphene and conductive
polymers have overcome the drawbacks of physical deposition methods, providing an
expedient solution to fabricating high performance ionic polymer actuators. Four signiﬁcant instances of the use of alternative electrode materials and physical deposition
methods are noted here and represent an important baseline for future research.
In [90] a class of IPMCs was fabricated by in situ photoinduced polymerization of
polypyrrole-silver electrodes on an ionomeric membrane. This approach utilizes a onestep process that takes less than 2 hours. The ionomeric membrane is immersed in
deionized water (6.7 ml per cm2 of the ionomeric membrane). Pyrrole monomer and
silver nitrate reagent is added and photoinduced polymerization is conducted using UV
light at 365 nm in a UVP longwave UV crosslinker. The temperature is maintained at 40ο
C and moderately stirred for 90 minutes. Results indicate the formation of high surface
microstructured electrodes with a large interface area between the ionomeric membrane and the electrode. Sheet resistances are as low as 7Ω/sq and the electrodes have
good adhesion. A cantilevered 33 mm × 10 mm IPMC with 25 mm free length exhibits
up to 1 mm of tip displacement in the air in response to a 3V, 0.1 Hz sinusoidal signal.
The sensing response of this novel IPMC exceeds that of conventional IPMCs (on the
order of 80 μV per 1 m−1 of curvature compared to a response of 5 μV per 1 m−1 of
curvature). For more information on manufacturing and performance, refer to [90].
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Another approach deposited poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) on Naﬁon 117 ﬁlms then subsequently deposited platinum on the PEDOT:PSS
[91]. Polymerization was conducted at room temperature using 3,4-ethylendioxytiophene
(EDOT) and sodiumpolystyrene sulfonate (NaPSS), in the presence of iron nitrate (Fe(NO3)
3 · 9H2O) and stirring for 1 hour. Then, deposition of the platinum was conducted through
reduction of hexachloropla-tinic acid (H2PtCl6 · 6H2O), using formaldehyde or ascorbic acid as
the reducing agent. Since this process leverages ion-exchange to deposit a platinum layer, it
takes a day for ion-exchange to occur, before applying the reducing agent (as is the case with
conventional IPMCs). 5 mm x 15 mm cantilevered samples of the material, with a free length
of 10 mm and a thickness of roughly 0.2 mm, were subject to sinusoidal inputs from 0.1 to
5 Hz. A peak tip displacement in excess of 0.9 mm was achieved in response to a 0.1 Hz signal
exhibiting comparable performance to a conventional IPMC used as the control. For more
information on manufacturing and performance, refer to [91].
Ionic polymer graphene composite (IPGC) actuators using asymmetrically laser-scribed
reduced graphene oxide paper (HLrGOP) as their electrodes have also been shown to have
good actuation properties and have the added beneﬁts of being ﬂexible and highly durable
[92]. As shown in Figure 5, the ﬂexibility of the graphene electrode prevents it from cracking
under bending strains the way that conventional IPMCs do. Consequently, the surface
resistance of the electrodes does not degrade as signiﬁcantly and the actuator does not

Figure 5. Comparison of ionic polymer actuators with conventional platinum electrodes and laserscribed reduced graphene oxide paper: (a) conventional IPMC actuator exhibiting cracked electrodes
due to fatigue and electrolyte loss through the electrode cracks, and (b) novel ionic polymergraphene composite (IPGC) exhibiting durable electrodes and no electrolyte loss. Figure reprinted
with permission from [92] (Copyright 2014 American Chemical Society).
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lose electrolyte as fast. This IPGC actuator is fabricated by a hot pressing method where
prefabricated HLrGOP is fused onto Naﬁon-117 sheets. For information on the fabrication of
HLrGOP and the compositing process, refer to [92].
Electrodes made of PEDOT:PSS with graphene-carbon-nanotube-nickel (G-CNT-Ni) heteronanostructures mixed in the conductive polymer composited with Naﬁon that is also mixed
with G-CNT-Ni has shown excellent performance achieving superior blocking force and
bending response to that of IPMCs composed of pristine Naﬁon [86]. The compositing of
the electrode and ionomer material consists of casting a solution of the electrode material
directly onto the ionomer, then annealing the composite at 80°C for an hour. For details on
preparation of the electrode, ionomer and composite refer to [86].

2.4. Freeform fabrication of IPMCs
Automated and free-from fabrication techniques for IPMCs leverage either dispersions of ionexchange material or melt-processable precursor to ion-exchange material. This section
discusses these processes and their advantages and disadvantages. Additionally this section
presents custom-shaped monolithic IPMCs fabricated using precursor to ion-exchange material, and compares them to IPMC-enabled devices fabricated through conventional means.

2.4.1. Freeform fabrication processes
A ﬁrst approach to freeform fabrication of IPMCs leveraged the process of dispensing
dispersions of the ionomeric material into printed silicone casts [4], as shown in Figure 3
(c1). An attractive feature of this process is that the electrode material can be printed as
well as the ionomeric material by mixing electrode particles into the ionomer dispersion.
However, while a functional IPMC was fabricated using this technique, it is noted that
the process required the use of a plasticizer (to prevent brittleness) and extensive drying
time between layers. Moreover, the resulting bending actuator exhibited diminished
blocking force in comparison to conventional IPMC membranes (16 mN vs. 60 mN) [4].
Unfortunately, this process was never extended to fabricate custom shaped IPMCs.
As an alternative to this approach, recent work leverages Naﬁon precursor in a fusedﬁlament fabrication process, as shown in Figure 3(c2), followed by subsequent functionalization and electroding. Figure 6, illustrates the process to manufacture monolithic
custom- shaped IPMCs. First, ﬁlament is fabricated from commercially available precursor to the ionomeric material and is then used to print the desired shape as shown in
Figure 6(a1), with a 3D printer. The printed structure is then converted to the ionomeric
form using an in situ process such as base hydrolysis for perﬂuorosulfonic materials [81].
Electrodes are then applied to the functionalized material, through methods such as an
electroless plating process [82], as shown in Figure 6(b1). This process can be employed
to create monolithic custom-shaped IPMCs with comparable actuation to IPMCs fabricated by plating commercially available ion-exchange membranes [8, 33, 93].
Disadvantages of this process are that it cannot print the electrode material (thus
requiring use of time consuming processes to develop electrodes) and the high viscosity
of the molten precursor may restrict achievable feature resolution. However, utilization
of novel electrode materials and methods (such as those mentioned in [86,90–92]) in
consort with the fused ﬁlament fabrication process, could signiﬁcantly expedite the
fabrication of custom-shaped IPMCs. Moreover, because of challenges associated with
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Figure 6. Fused-ﬁlament 3D printing for fabrication of custom-shaped IPMCs: (a1) 3D printing of
custom geometry using precursor of an ion-exchange material, (a2) example structures 3D printed
using precursor of an ion-exchange material (b1) functionalization of printed structures by hydrolysis
with a strong base and swelling agent followed by plating of the functionalized structure by an
impregnation reduction process, (b2) example custom shaped IPMCs, (c) actuation response of an
example custom shaped IPMC. Figures (a2), (b2) and (c) reprinted with permission from [212].

fused ﬁlament fabrication of Naﬁon, recent work has conducted a thorough side-by-side
comparison of Naﬁon with Aquivion as another candidate material [94]. For more
information on the use of fused ﬁlament fabrication process, refer to [8].

2.4.2. 3D-printed IPMC actuators
The 3D printing process described above was used to fabricate multiple custom monolithic
IPMC actuators. These custom 3D-printed actuators are shown in Figure 7 alongside devices
with a similar geometry, but constructed with conventionally manufactured IPMCs and
passive materials. A comparison between the actuation characteristics of the conventional
and 3D-printed devices is also illustrated. The images of 3D-printed IPMC actuators shown in
Figure 7 depict the response of the actuators to periodic input signals with amplitude of 2.5 V
and frequency of 0.5 Hz. The actuation of a linear actuator created by combining individual
IPMC actuators and passive components is shown in Figure 7(a1) [95]. By comparison, Figure 7
(a2) shows the actuation of a similar linear actuator which was 3D-printed. Figure 7(b1) shows
a rotary IPMC actuator made from individual parts [96], which is compared to a 3D-printed
rotary actuator in Figure 7(b2). Finally, the x and y actuation of a multi-degree of freedom
(MDoF) actuator assembled from IPMC actuators and passive components is shown in
Figure 7(c1) and (d1), respectively [14] and compared to the x and y actuation of a 3D-printed
MDoF actuator, as shown in Figure 7(c2) and (d2), respectively.
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Figure 7. Conventionally assembled IPMC actuators vs. 3D-printed IPMC actuators exhibiting attenuated
response of thicker 3D-printed IPMCs to 2.5 volt, 0.5 Hz periodic inputs due to longer response time and
greater stiﬀness: (a1) actuation of linear actuator constructed from IPMC actuators and passive materials,
(a2) actuation of 3D-printed linear actuator, (b1) actuation of rotary actuator constructed from IPMC
actuators and passive materials, (b2) actuation of 3D-printed rotary actuator, (c1) lateral actuation of
MDoF actuator constructed from IPMC actuators and passive materials, (c2) lateral actuation of 3D-printed
MDoF actuator, (d1) translational actuation of MDoF actuator constructed from IPMC actuators and passive
materials, (d2) translational actuation of 3D-printed MDoF actuator. Figures (a2), (b2), (c2) and (d2) reprinted
with permission from [212]. (a1) reprinted with permission from [95]. Figure (b1) reprinted with permission
from [96]. (c1) and (d1) reprinted with permission from [14].

As can be seen, the 3D-printed IPMC actuators exhibit less displacement than the devices
assembled from IPMC actuators and passive components. This is due to the greater thickness
of the 3D-printed IPMC material resulting in lower stroke and slower response time. Figure 8
presents the performance data of the 3D-printed IPMC actuators over a range of voltages and
frequencies, to capture the response of the actuators over a larger range of inputs.
As can be seen, the amplitude of the response of the 3D-printed actuators continues
to increase as the square-wave signals are slowed to 0.01 Hz, implying the time response
is as slow as 100 seconds or more. Therefore, 3D printing thinner custom-shaped IPMCs
will likely achieve faster response times and greater deﬂections.

2.5. Motion control
The actuation behavior of IPMCs exhibit several eﬀects that limit their performance. First
of all, IPMCs can exhibit back-relaxation, as shown in Figure 9. In response to a step
input, some IPMC actuators will initially deﬂect forward and will then drift backwards
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Figure 8. Response of 3D-printed custom-shaped monolithic actuators shown in Figure 7: (a) mean
response of linear actuator shown in Figure 7(a2) to square wave inputs over ten successive cycles
over a range of 0.5 to 3 volts and from 0.01 to 5 Hz, (b) mean response of rotary actuator shown in
Figure 7(b2) to square wave inputs over ten successive cycles over a range of 0.5 to 3 volts and from
0.01 to 5 Hz (c) mean response of MDoF actuator shown in Figure 7(c2) in lateral direction to square
wave inputs over ten successive cycles over a range of 0.5 to 3 volts and from 0.01 to 5 Hz to antiphase voltage inputs, (d) mean response of MDoF actuator shown in Figure 7(d2) in translational
direction to square wave inputs over ten successive cycles over a range of 0.5 to 3 volts and from
0.01 to 5 Hz to in phase voltage inputs.

Figure 9. Successive step responses of the tip displacement of a cantilevered IPMC actuator
exhibiting back-relaxation and non-repeatability. In response to a step input, a cantilevered IPMC
actuator initially rises and then falls back past its initial position. A subsequent test on the same
system under the same conditions also exhibits back-relaxation but the response is diﬀerent than
the response elicited in the ﬁrst test. Figure reprinted with permission from [42].
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[97]. This behavior prevents an IPMC from holding a position and distorts its tracking
response to low frequency signals. So a way of mitigating this eﬀect or compensating for
it is needed for precision control of IPMC systems. Additionally, precise control of IPMCbased systems requires position and/or force feed-back as well as models of the
electromechanical dynamics of IPMCs. So strategies of integrating IPMCs with sensors
are needed as well as reliable models. Finally, IPMCs are sensitive to environmental
conditions and exhibit low repeatability even in controlled conditions. So control
strategies are needed that can adapt to changing dynamics or guarantee satisfactory
response in spite of changing dynamics.

2.5.1. Addressing back-relaxation in IPMCs
One way to address IPMC back-relaxation is to use diﬀerent IPMC materials and manufacturing methods than traditional fabrication of Naﬁon based IPMCs. For instance,
IPMCs fabricated using Flemion or some IPMCs fabricated using sulfonated polystyrene
exhibit very little or no back-relaxation [27,73]. Additionally, back-relaxation can be
reduced through use of diﬀerent solvents and neutralizing counterions [98].
Additionally, work to improve the surface morphology of platinum electrodes by depositing a thin layer of palladium particles on the surface of the membrane prior to
proceeding with the plating process also had the eﬀect of eliminating back-relaxation
[84]. Additional materials and methods for fabricating IPMCs that exhibit little or no
back-relaxation might become available as IPMC back-relaxation becomes better understood [99,100].
Steps to mitigate IPMC back-relaxation through adjusting the methods and materials used
in fabrication are attractive because they improve the performance of the actuator itself.
However, back-relaxation or other related eﬀects may not be completely eliminated through
this approach. A simple strategy for compensating for remaining back-relaxation is the use of
feedback control, such as simple proportional-integral-derivative (PID) control [66]. However,
this approach could lead to excessively large control eﬀort if back-relaxation is severe, and
thus the high input signals can damage the actuator.

Figure 10. Use of sectored ionic polymer-metal composite (IPMC) to address back-relaxation: (a)
conceptual design of sectored IPMC actuator, (b) illustration of the cancellation eﬀect using the
responses of the independent sectors. Figure reprinted with permission from [43].
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Another approach to addressing IPMC back-relaxation involves sectoring an IPMC
into opposed sectors [43], as shown in Figure 10. In this use of an IPMC actuator, the
response of one sector is used to augment the response of the opposed sector. The
resulting tip displacement is a combination of the responses of the two sectors. This
allows the maintenance of the IPMC tip position in spite of pronounced back-relaxation.
However, this approach adds complexity to the design and fabrication of the IPMC
actuator and sacriﬁces eﬃciency since two actuators are intentionally operated in
opposition.

2.5.2. Sensing for feedback control of IPMCs
Motion control of IPMCs is often facilitated by the use of extrinsic sensors like cameras or
laser displacement sensors, when practical. The IPMC sensing response can be used for
self-sensing, but this approach may be challenging, because the inherent IPMC sensing
response is low-voltage, dynamic and will be overwhelmed by cross-talk [101,102]. The
low-voltage and dynamic quality of the sensing can be addressed using a charge
ampliﬁer, but cross-talk would have to be dealt with. So instead, some self-sensing
strategies use the change in resistance across the electrodes of an IPMC [102], as
illustrated in Figure 11(a). The advantages of this approach are that the sensor response
is static. Approaches to self-sensing can use the same electrodes used for actuation, as
shown in Figure 11(b) or use separate electrodes as shown in Figure 11(c). The challenge

Figure 11. Self-sensing IPMC actuator designs: (a) change in electrode surface resistance (R1 and R2
vs. R1′ and R2′) due to strain from IPMC bending, (b) self-sensing IPMC design using diﬀerence in
voltage drop along electrodes of the constrained sections of IPMC and electrodes along the
unconstrained sections of the IPMC ((UM1 – UF1) − (UM2 – UF2)), (c) IPMC sectored into three sectors
consisting of actuator, shielding and sensor regions, (d) input signal into IPMC actuator in Fig. (b)
consisting of actuation signal with high frequency component that can be utilized for sensing after
ﬁltering out low frequency component, (e) bridge conﬁguration utilized with IPMC actuator in Fig.
(c) for sensing. Figures (a-d) reprinted with permission from [141]. Figure (e) reprinted with
permission from [101].
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of using the same electrodes is ﬁltering out the eﬀect of the actuation signal. One
strategy is to take the diﬀerence between voltage drops across constrained and unconstrained regions of the IPMC electrode, as shown in Figure 11(b). Another is to add a
high-frequency component to the actuation signal as shown in Figure 11(d) and extract
the sensing response by ﬁltering out the low-frequency component. Alternatively, if
separate electrodes are used, an intermediate segment can also be added to shield the
sensor segments, as shown in Figure 11(c) and (e). An advantage of the use of the IPMC
electrode itself as the sensor is that it is compact and relatively simple to manufacture. A
disadvantage of the approach is that the surface resistance of the electrodes may be
more prone to changing with wear or in response to diﬀerent environmental conditions [101].
An alternative to using the change of resistance across the electrodes, is to integrate
an IPMC with a resistive sensor such as a strain gauge or nichrome wire [104], as shown
in Figure 12(a1), or a piezoelectric sensor such as PVDF ﬁlm [101], as shown in Figure 12
(a2). Use of a resistive sensor requires incorporation into a simple voltage divider or
Wheatstone bridge as shown in Figure 12(a2). Use of the piezoelectric properties of
PVDF ﬁlm requires the use of a diﬀerential charge ampliﬁer as shown in Figure 12(b2).
The advantages of the use of a secondary sensor material are that the sensor response is
generally more accurate. The disadvantage is that it requires additional assembly steps
and may stiﬀen the actuator [104].

2.5.3. Modelling of IPMCs for motion control
One approach to controlling IPMC-based systems is to leverage models to drive an IPMC
based on its anticipated response to an electric input. For control purposes, these

Figure 12. IPMC actuators integrated with resistive or piezoelectric sensors: (a1) cantilevered IPMC
bending actuator integrated with a strain gauge and a tube-shaped IPMC actuator integrated with
nichrome wire, (a2) Wheatstone bridge circuit for use with resistive sensor like a strain gauge or nichrome
wire, (b2) cantilevered IPMC bending actuator integrated with insulation and two layers of PVDF ﬁlm, and
(b2) diﬀerential charge ampliﬁer circuit for use with PVDF ﬁlm sensors. Figures (a1) and (a2) taken with
permission from [222]. Figures (b1) and (b2) reprinted with permission from [101].
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models can be developed through empirical (for example see [105]) or physics based
methods (for example see [106]), but should accurately reﬂect the dynamics of an IPMC
over the intended operational range using a minimal number of parameters.
There are many reduced-order models of IPMCs with much of the variety stemming
from diﬀerent approaches to modelling the electrical dynamics [107], as shown in
Figure 13. A comparison of various approaches to modelling the electrical dynamics is
given in [109], which is summarized here. These models are compared to a simple RC
circuit model consisting of a resistor and capacitor in series, as shown in Figure 13 (a).
One model adds a resistor in parallel to this RC circuit, to account for the resistance of
the solid electrolyte [110], as shown in Figure 13 (b). Another model consists of two
parallel arrangements of a resistor and a capacitor connected in series with a bulk
resistor [111], as shown in Figure 13 (c). One model includes eight components as
well as nonlinear diodes [112], as shown in Figure 13 (d). Finally, another model simply
includes a Warbug impedance element in an RC circuit to address low frequency
behaviour [109], as shown in Figure 13 (e).
In [109], impedance measurements of an IPMC was made over a range of frequencies and
a least square error method was employed to ﬁt the models in Figure 13 to the real and
imaginary parts of the impedance data as well as possible. The real part of the measured
impedance of an IPMC is compared to the models in Figure 13 (f) and the imaginary part of
the measured impedance of an IPMC is compared to the models in Figure 13 (g). The
R-squared values of models (a) through (e) are 0.5023, 0.8166, 0.8166, 0.9429 and 0.9868
respectively [109]. The model incorporating a Warburg impedance element simply and
accurately models IPMC electrical dynamics at both low and high frequencies.

Figure 13. Equivalent circuit models of IPMC electrical dynamics and comparison to experimentally
measured impedance of an IPMC over a range of frequencies: (a) a resistor and capacitor in series, (b) a
resistor and capacitor in series with a resistor added in parallel [110], (c) two parallel arrangements of a
resistor and a capacitor connected in series with a bulk resistor [111], (d) model including eight components
as well as nonlinear diodes [112], (e) RC circuit with a Warburg impedance element [109], (f) real part of the
impedance of an IPMC compared to models, (g) imaginary part of the impedance of an IPMC compared to
models. Figure adapted with permission from [109].
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Having modelled the electrical dynamics of an IPMC, it’s common to approximate
material stress as proportional to charge density, though this may not capture backrelaxation [43].

2.5.4. Feedforward and feedback control of IPMCs
Control of dynamic systems like IPMCs, can be broken into three approaches as illustrated in
Figure 14. Feedforward control techniques such as inverse dynamics control determines the
requisite input (uﬀ) to produce the desired output (yd), as shown in Figure 14(a). Feedback
control of an IPMC uses negative feedback to determine a control eﬀort based on the error (e)
between the desired output (yd) and the actual output (y) of a system, as shown in Figure 14(b).
Finally, many practical control techniques employ a combination of feedforward and feedback
control, as shown in Figure 14(c). Eﬀective feedforward control requires accurate models and
often this technique lacks robustness. In the case of controlling IPMCs, perfect control can’t be
guaranteed even in the absence of disturbances, because of IPMCs’ sensitivity to environmental conditions and low repeatability. Feedback control therefore needs to be implemented
to compensate for these eﬀects. Proportional-integral (PI) and proportional-integral-derivative
(PID) control have been implemented as stand-alone controllers [113,114] and also have been
implemented along with model-based feedforward control [114].
However, because of the variable dynamics of IPMCs, the performance of a conventional
PID controller can vary widely over the lifetime of the IPMC. For this reason, more sophisticated
feedback control techniques such as adaptive control and robust control are sometimes
employed.
To achieve high precision control in spite of variable dynamics, another approach is to have
control parameters that can be adjusted on the ﬂy to adapt to changing dynamics. Model
reference adaptive control (MRAC) is one of these adaptive control strategies. Ideally, it

Figure 14. Methods for controlling IPMCs: model-based feedforward control of an IPMC that functions by
determining the requisite input (uﬀ) to produce the desired output (yd), (b) feedback control of an IPMC that
uses sensor information to determine a control eﬀort based on the error (e) between the desired output (yd)
and the actual output (y), and (c) integrated feedforward/feedback control that uses feedback control to
correct for disturbances and modelling error. Figure taken with permission from [222].
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operates by compensating for modelling error to make the system behave like the model, thus
maintaining behavioral performance in spite of changing dynamics [115,116]. The adaptation
law is based on some form of optimization. For instance, control parameters can be adapted
based on gradient descent method [116] or with use of a computational method such as a
genetic algorithm [115]. Adaptive control can also be accomplished without reference to a
model but rather by optimizing controller parameters directly, as has been done using iterative
feedback tuning (IFT) [117,118]. Since IFT does not use a model, it has the advantage that it can
readjust to any change in system dynamics or input. By comparison, MRACs perform poorly if
the actual system dynamics vary widely from the reference model.
In other applications, adapting to changing IPMC dynamics may not be so much the
concern as guaranteeing robust performance in spite of changing dynamics. These robust
control approaches proceed by ﬁrst obtaining a nominal model of the IPMC dynamics as well
as the range of its variability. A frequency weighted controller is designed that guarantees
tracking error and voltage input will not exceed speciﬁed maximums so long as disturbances
and sensor noise remain within speciﬁed bounds [42,119]. The advantages of these techniques
are performance and safety guarantees, which may be essential for some applications. The
disadvantages are that it requires high-order control laws and that performance may be
suboptimal for any given system dynamics and input.
In addition to these approaches, it’s noteworthy that direct control of current can
mitigate some time varying eﬀects in IPMCs. This is an attractive approach because the
current input to an IPMC can much more reliably be sensed and controlled in real-time
than an IPMC’s tip position or curvature. The downside is that it is not a complete
solution, could lead to excessive voltage inputs and requires more complicated hardware than voltage control [42].

3. Conjugated polymer and ionic gel actuators
Conductive polymer and ionic gel actuators are ionic electroactive polymers that transport solvated ionic species to produce deformation, like IPMCs. Since conductive polymers and ionic gels are often employed together to create composite actuators, this
section will discuss conductive polymers and ionic gels (ionogel) in isolation as well as
composited together. This section will ﬁrst discuss the composition, mechanics, and
advantages of conductive polymers, and ionogels. It will then address various applications of them. It will go on to discuss conventional and freeform fabrication of these
materials and conclude by addressing motion control of them.

3.1. Composition, mechanics and advantages
3.1.1. Conductive polymers
Conductive polymers are organic semiconductors, such as polypyrrole (PPy), poly(3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and polyaniline (PANI) with
alternating single and double bonds as illustrated in Figure 15. Conductive polymers are
also called conjugated polymers in reference to this structure. Application of a suﬃcient
positive potential to such a conjugated polymer, will remove electrons leaving positive
charge carriers, making the material p-doped [120]. Negatively charged anions are
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Figure 15. Composition of conductive polymers illustrating their conjugated structure of alternating
single and double bonds and the reduced and oxidized states: (a) undoped conjugated polymer
(reduced), (b) doped conjugated polymer (oxidized). Figure reprinted with permission from [120].

incorporated into the polymer to neutralize it [120]. This process can then be reversed,
by application of a suﬃciently negative potential.
The alternation between the reduced and oxidized states of conductive polymers
gives conductive polymers their size changing ability. The volume of the conductive
polymer changes in response to the change in oxidation level. This is driven by multiple
mechanisms, the most dominant of which is absorption and expulsion of ionic liquids
[120]. For instance, some conductive polymers incorporate anions when oxidized (causing them to expand) and expel ions when reduced (causing them to contract).
Conductive polymers have the beneﬁt of actuation from low operation voltages,
light weight, good ﬂexibility, bio-compatibility, negligible self-discharge, high forcegeneration capabilities, high energy density per cycle and that they can be manufactured on the nano- and micro-scale [121]. Moreover, strain in some conductive
polymers is roughly proportional to oxidation level [120], which simpliﬁes motion
control of them. However, conductive polymers also suﬀer from a limited cycle rate,
limited cycle life, require a reservoir of electrolytic solution, and have high oxygen
sensitivity. Like IPMCs, they also exhibit environmental sensitivity and low repeatability [122,123].

3.2. Ionic gels
Ionic gels or ionogels are ion-conducting polymer electrolytes similar to ionexchange membranes employed in IPMCs. They consist of a charged polymer
network with macro-ions ﬁxed on the polymer chains and neutralizing microcounterions in solution [124]. However, unlike ion-exchange membranes, ionic
gels are polymerized mixtures of vinyl monomers in ionic liquids (molten salts,
such as 1-ethyl-3-methyl imidazolium bis(triﬂuoromethane sulfonyl)imide) and have
a swollen weight of up to 2000% their dry weight [124]. Therefore, ionogels are
much softer and much more deformable than a typical ion-exchange membrane. As
with IPMCs, the forces at work in ionic gel actuators include rubber elasticity,
counter-ion osmotic pressure, and electrophoretic interactions [1]. In response to
an applied electric ﬁeld, ionogels will transport solvated counter-ions causing an
asymmetric bulk strain (and thus a bending) due to a diﬀerence in the concentration of the neutralizing counterions [1], as shown in Figure 16. Unlike an IPMC
however, signiﬁcant polymer-solvent viscous interactions counter balance the elastic forces. The counter-ion osmotic pressure and electrophoretic interactions
change the equilibrium point of the ionic gel actuator when an electric ﬁeld is
applied [1]. Consequently, ionic gels do not return to their previous shape when
that electric ﬁeld is removed.
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Figure 16. Demonstration of the diﬀerence in bending direction of ionic gels with an anionic and
cationic polymer network: (a) no electric ﬁeld is applied and no bending is exhibited, (b) an electric
ﬁeld is applied causing the cationic gel (blue) to bend toward the anode and the anionic gel (red) to
bend toward the cathode.

Ionogels have the advantages of large volume changes and deformation and low
activation voltages [7,124,125]. The use of ionic liquid (IL) in the polyelectrolyte also
increases the voltage that can be applied without exceeding the decomposition potential. Additionally, the low volatility and hydrophobicity of ionic liquids slows their
evaporation in air and diﬀusion in aqueous environments [126], both of which are
challenges for conventional water based IPMCs.

3.2.1. Conductive polymer ionogel composites
Conductive polymers and ionogels are often applied in multi-layer composites with
other materials. For instance, a bending actuator can be fabricated by compositing a
conductive polymer with a metal electrode [120]. A tri-layer bending actuator can also
be produced by sandwiching a polyelectrolyte (such as an ion-exchange membrane or
an ionogel) between two conductive polymers, as shown in Figure 17(a). In such an
arrangement the polyelectrolyte layer acts as an exchange layer and reservoir between
the conducting polymer layers [120,127,128]. In this setup, the conductive polymer on
the anodic side is oxidized, while the conductive polymer on the cathodic side is
reduced. As the anode layer absorbs anions and expands, the cathode layer releases
anions and contracts, producing a bending motion in the actuator. In this arrangement
the conductive polymers are both anion exchangers. Alternatively, a tri-layer actuator
design can also be used to produce linear strain when one conductive polymer ﬁlm is a
cation-exchanger and the other is an anion-exchanger as shown in Figure 17b. The
composite of a polyelectolyte and a conductive polymer is thus an elegant way to
address conductive polymers’ need for a reservoir and the polyelectrolyte's need for
electrodes.
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Figure 17. Illustration of a tri-layer conjugated polymer actuator demonstrating bending actuation
(left) and linear actuation (right). Figure reprinted with permission from [225].

3.3. Applications
The large work density, low voltage requirements, operation in aqueous environments,
the linear relation of strain to charge, and large electrically controllable shape change
ability make conductive polymers especially attractive for highly dynamic systems like
robots. For instance, cell handling systems have been fabricated using conductive
polymers [2], as shown in Figure 18(a) as well as microscopic lids and active hinges
[3], as shown in Figure 18(b).
Because of their large volumetric strains, position keeping ability and soft
compliant bodies, ionogels have been used in a variety of biomimetic applications,
as shown in Figure 19. For instance, a walking gel robot for use in natural saline
environments was fabricated out of anionic acrylamide (AAm)/sodium acrylate
(NaAc) copolymer and cationic acrylamide/ quaternized dimethylaminoethyl methacrylate (DMAEMA-Q) copolymer for its respective legs as shown in Figure 19(a) A
variety of crawling and swimming robots have been fabricated using similar materials [1,5,7] as shown in Figure 19(b). Ionic gels also have been employed in
grippers, and worm-like robots [1]. Most of these applications made use of an
electrolytic environment and the application of electric ﬁeld by extrinsic electrodes.

3.4. Conventional manufacturing and materials
3.4.1. Fabricating conjugated polymers
As shown in Figure 20, conjugated polymer ﬁlms can be deposited directly from a
solution, from a precursor, by chemical-vapor deposition, or electro-polymerization
depending on the material [129]. Polyaniline (PANI) ﬁlms can be deposited by spincoating a dispersion of it as shown in Figure 20(a). Some materials cannot be dissolved
but have precursor polymers or monomers that can be. In which case these are spin
coated and then cured, as shown in Figure 20(b). An example of this approach is spin
coating pyrrole- 2-carboxylic acid (the precursor to PPy) followed by curing it by heating
[129]. If these approaches cannot be applied, then electro-polymerization is the most
common technique to fall back on, as shown in Figure 20(d). The downside of electro-
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Figure 18. Applications of conductive polymerbi-layer actuators: (a) robot for handling microscopic
glass beads, (b) cell clinic with an active hinge. Figure (a) reprinted with permission from [2]. Figure
(b) reprinted with permission from [3].

Figure 19. Applications of ionic gels: (a) walking robot fabricated by laser cutting prefabricated ionic
gels, (b) multi-stimuli responsive micro-robots fabricated using a microﬂuidic device and photolithographic techniques. Figure (a) reprinted with permission from [7]. Figure (b) reprinted with
permission from [5].

polymerization is that it requires an electrode, whereas the other methods can be used
to deposit conductive polymers on any free surface [129].
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Figure 20. Deposition of conjugated polymer ﬁlm: (a) from spin coating a dispersion of the
conjugated polymer (b) spin coating a precursor of the conjugated polymer, followed by curing,
(c) vapor deposition, (d) electro-polymerization. Figure reprinted with permission from [129].

Electro-polymerization can be conducted with a three-electrode potentiostat, where
the conjugated polymer will be deposited on the working electrode. Refer to [129] for
more information.
In addition to these techniques, it is also possible to melt process some conjugated
polymers such as PANI, and blends of conjugated polymers if appropriate doping agents
are used, but these methods have not been explored especially for use of conjugated
polymer as actuators [130].

3.4.2. Fabricating ionogels
There are a variety of approaches to fabricating ionic gels. As illustrated in Figure 21, one
approach is through in situ polymerization of vinyl monomers dissolved in an ionic
liquid, such as 1-ethyl-3-methyl imidazolium bis(triﬂuoromethane sulfonyl)imide
(EMITFSI) [131].
This approach works well with poly(methylmethacrylate)s (PMMA) because of the
high compatibility of PMMA with imidazolium salts such as EMITFSI [28]. This technique
has also been employed by adding Hydroxyethylmethacrylate (HEMA) with 1%wt 2,2diethoxyacetophenone (DEAP) to a suspension of Zirconium dioxide (ZrO2) in 1-butyl-3methylimidazolium tetraﬂuoroborate (BMIMBF4). This mixture was then polymerized by
irradiating it using ultraviolet (UV) light without an initiator as another recent example [132].
Alternatively, ionogels can be fabricated by simply swelling a polymer with an ionic
liquid [28]. For instance, a study was conducted on the swelling of Naﬁon and other
polymers with imidazolium salts 1-n-butyl-3-methylimidazolium Tetraﬂuoroborate
(C4mim)(BF4) salts and other ionic liquids [133].
3.4.3. Fabricating multi-layer composites
In order to operate outside of an electrolytic environment, ionogels have to be composited with additional layers that both serve as electrodes and that exchange ionic
liquid with the ionogel. For this reason, actuators have been fabricated using composites
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Figure 21. In situ polymerization of vinyl monomers dissolved in an ionic liquid to produce an ionic
gel. Figure reprinted with permission from [131] (Copyright 2009 American Chemical Society).

of conjugated polymers and permeable membranes. In order to get good adhesion
between the membrane layer and the conjugated polymers, one strategy is to plate a
porous membrane such as PVDF, electrically deposit the conjugated polymer on the
plated PVDF and then infuse the membrane with an ionic liquid. For instance, one
composite was prepared by electrochemically depositing polypyrrole on a platinized
PVDF membrane. The composite was then immersed in 1-ethyl-3-methylimidazolium bis
(triﬂuoromethyl sulfonyl) amide (EMIm TFSA) and methyl methacrylate monomers. An
initiator and cross-linker were added to polymerize the absorbed mixture, after the
mixture had absorbed into the PVDF. Refer to [134], for more information.
As alternatives to compositing ionic gels with conjugated polymers, more recent
approaches to fabricating these multilayer composites employ carbon dispersed in
ionic gels as electrode layers. These materials are electrically conductive like conjugated
polymers and expand as they absorb ions from the more concentrated ionic gel layer.
One signiﬁcant example employed ground single wall nanotubes (SWNT)s dispersed in
an ionogel, refered to as ‘bucky- gel’ [135]. In an ionogel consisting of poly(vinylidene
ﬂuoride-co-hexaﬂuoropropylene) (PVdF(HFP) and 4-methyl-2-pentanone (MP) as the
polymer and 1-butyl-3-methylimidazolium tetraﬂuoroborate (BMIBF4) as the ionic liquid,
the addition of SWNTs to the mixture creates electrode layers that the pristine ionogel
can be sandwiched between [135], as shown in Figure 22. The ‘bucky-gel’ mixture can be
ball milled to exfoliate the heavily entangled bundles of SWNTs to more evenly disperse
them in the gel [136]. This composite actuator can be fabricated through layer-by-layer
casting, followed by hot pressing. Refer to [135,136] for details.
Another recent method employs activated carbon layers. In this approach, hydroxyethyl methacrylate (HEMA) is added to a mixture of 1-butyl-3- methylimidazolium
tetraﬂuoroborate (BMIMBF4) and ZrO2-nanoparticles and cured with UV light. This ionic
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Figure 22. Composition of a ‘bucky-gel’ actuator: (a) schematic of layered structure of bucky-gel
actuator consisting of a ionic gel with single wall nanotubes (SMNT)s as the electrode layer and a
pristine ionic gel as the polyelectrolyte layer sandwiched between the electrode layers, (b) chemical
formula of the ionic liquid, 1-butyl-3-methylimidazolium tetraﬂuoroborate (BMIBF4), and the polymer, poly(vinylidene ﬂuoride-co-hexaﬂuoropropylene) (PVdF(HFP). Figure reprinted with permission
from [136].

gel results in an ionic liquid ﬁlm on the surface that can be used to adhere the activated
carbon layers to it. The active carbon layers are then coated with a gold foil layer. Refer
to [132] for more information.

3.5. Free-from fabrication techniques
There are multiple approaches to patterning material using micromachining techniques,
suited for various conjugated polymers [129], as illustrated in Figure 23. Some polymers,
like poly(alkylthiophenes), can be patterned by use of light and a mask, as shown in
Figure 23(a). Alternatively, the electrode layer can be deposited ﬁrst and then employed
to control the deposition of the conjugated polymer, as shown in Figure 23(b). Another
approach to is to coat the wafer in a metal ﬁlm followed by positive resist. The areas in
which the polymer is wanted are exposed using a positive mask. The polymer is
deposited on the bare metal, following which the photo resist is removed, as shown
in Figure 23(c). Another approach is rather than selectively deposit the conjugated
polymer is to selectively remove the conjugated polymer after it is deposited, using
techniques such as reactive ion etching (RIE), as shown in Figure 23(d). If the material
between the desired regions does not need to be removed but rather simply made
electrochemically inert then this can also be done by selective exposure, as shown in
Figure 23(e). For instance, PEDOT can be made non-conductive by exposure to Cr
etchant. Lastly, the inverse of this method is to selectively dope areas either by exposure

INTERNATIONAL JOURNAL OF SMART AND NANO MATERIALS

173

Figure 23. Micromachining methods of patterning conjugated polymers and electrodes: (a) direct
patterning of conjugated polymer using UV light and a mask, (b) deposition of conjugated polymer
onto selectively patterned electrodes, (c) selective deposition of conjugated polymer using etched
photo resist, (d) etching of deposited conjugated polymer layer after being deposited, (e) selectively
removing conductivity of conjugated polymer, (f) selective doping of conjugated polymer.
Figure reprinted with permission from [129].

to a gas or acid, as shown in Figure 23(f). Refer to [129] for more details on these
techniques.
Finally, in addition to these processes it will often be desired to create layered
structures with actuators capable of out-of-plane motion. This can be done by use of
a sacriﬁcial layer which is removed after the conjugated polymer is deposited on top of
it, as shown in Figure 24(a) or using a diﬀerential adhesion method where the conjugated polymer simply doesn’t adhere to part of the underlying substrate [3,129], as
shown in Figure 24(b).
The in situ polymerization method for fabrication of ionogels can be applied using
lithographic methods with microﬂuidic devices to create complex ionogel robots with
multiple gel types, as shown in Figure 25(a1). By this approach, pre-polymer solution is
introduced into the microﬂuidic device using a syringe pump. A photo- mask is then
used with UV light to selectively cure regions in the microﬂuidic device. The pre-polymer
solution is then washed out and replaced by the next pre- polymer solution in the
sequence, until the robot is complete. Alternatively, device components can be laser cut
from prefabricated ionogels, as shown in Figure 25(a2).
In addition to these methods an attempt was made at automating the fabrication of
bucky-gel actuators, using a gel casting 3D printer. See [137] for details.

3.6. Motion control
Like with IPMCs, motion control of layered actuators based on conjugated polymers and
ionic gels requires the use of dynamics models and sensors to make use of force and/or
position feedback. Also like IPMCs, conjugated polymer actuators’ dynamics vary over
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Figure 24. Micromachining methods of creating out of plane conjugated polymer bending actuators: (a) use of a sacriﬁcial layer (b) diﬀerential adhesion method. Figure reprinted with permission
from [129].

Figure 25. Freeform fabrication of ionic gel robots and devices: (a1) use of a microﬂuidic device and
photo-polymerization using an ultraviolet (UV) light and photo-mask to selectively cure solutions of
monomers and ionic liquids to sequentially fabricate miniature ionogels, (a2) a biomimetic aqua-bot
fabricated using this technique, (b1) laser-cutting device components out of prefabricated ionogel
material, (b2) a walking robot fabricated using this laser cutting technique. Figures (a1) and (a2)
adapted with permission from [5]. Figures (b1) and (b2) adapted with permission from [7].

time, especially because of creep [138]. Unlike IPMCs however, conjugated polymer
actuators do not exhibit a back-relaxation eﬀect. In layered actuators with single moving
ions, the strain is directly proportional to the oxidation level over a large range of
voltage inputs [120]. As with IPMCs, it is common to model an electromechanical
eigenstress as proportional to charge density.
Conjugated polymers produce a dynamic sub-millivolt scale electric signal in
response to being mechanically deﬂected [139]. A proposed approach to utilizing the
sensor response of conjugated polymer actuator, involves etching a groove in the
conjugated polymer actuator [140], as shown in Figure 26(a) to electrically isolate a
region of the material for use as a sensor. This then is proposed for use in feedback
control, by identifying and inverting the sensor dynamics, F(s) [140], as shown in
Figure 26(b). However, the proposed approach is not demonstrated. Since the actuation
signal is orders of magnitude larger than the sensor signal that is produced, cross-talk
may make the approach infeasible. Possible solutions to self-sensing may, however
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Figure 26. Proposed self-sensing feedback control of a tri-layer polymer bending actuator: (a)
schematic of tri-layer polymer bending actuator with a groove cut in the conjugated polymer that
acts as the electrode to electrically isolate the actuator from the sensor region, (b) proposed control
method utilizing the inverse dynamics of the sensor. Figure reprinted with permission from [140].

leverage other strategies that have been employed for use with IPMCs such as integration with a secondary sensor device, such as a strain gauge, or perhaps even use of the
change in resistance across the electrode [141].
As with IPMCs, feedforward control is utilized with the multi-layer conjugated polymer
actuators, but some form of feedback control is needed to compensate for disturbances and
variable dynamics [138]. Approaches that have been applied speciﬁcally to multi-layer
conjugated polymer actuators include a self-tuning regulator [142] as well as an adaptive
neural fuzzy inference system (ANFIS) controller [143]. However, approaches that have been
applied to IPMCs are also applicable to multi-layer conjugated polymer actuators.

4. Shape memory polymers
SMPs are stimuli responsive materials that can be ‘frozen’ in a deformed shaped generally by the deprivation of a stimuli, such as heat. The undeformed shape can then be
restored by reapplying that stimuli. SMPs are thus distinct from other kinds of active
materials in that stimuli is used to ‘program’ and release a deformed shape rather than
to directly cause a deformation. Consequently, SMPs are generally ‘one-way’ actuators or
irreversible (i.e. the deformed shape cannot be restored without mechanical loading)
[144]. However, there are some notable ‘two-way’ SMPs and composites which utilize
various stimuli to achieve reversible shape changes and actuation without manual
deformation [145–147].
This section will begin by addressing the composition, mechanics and advantages of
SMPs, followed by applications. This section will then discuss conventional manufacturing methods and automated and freeform adaptations of these manufacturing methods,
and it will conclude by addressing motion control of SMPs.

4.1. Physics and actuation mechanics
Shape memory polymers contain stimuli responsive molecular mechanisms (commonly
referred to as ‘switches’) that can be used to ‘freeze’ the polymer in a deformed shape
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[144]. As an example, a thermally activated SMP can be ‘frozen’ in place, by mechanically
deforming and then cooling it, as shown in Figure 27. When the SMP is heated, the
thermal responsive ‘switches’ will release allowing elastic forces to restore the materials
undeformed shape [148,149]. These switches can consist of reversible molecular crosslinks, supramolecular association/disassociation, melt transition, glass transition, liquid
crystal anisotropic/isotropic transition, or covalent bonds [148,149] and may be responsive to heat, light and/or chemicals.
Thermal-sensitive SMPs have been the most common and widely used SMP actuator
type. Thermal responsive SMPs are typically ‘frozen’ in a ‘programmed’ shape through
vitriﬁcation or polymer crystallization [150]. Deforming a polymer and lowering the
temperature of the SMP below the glass transition temperature prevents the coordinated long range movements of polymer chains that would be required to restore the
undeformed shape.
Two components are responsible for the light responsive shape memory eﬀect (SME)
on the molecular level: photo-reactive CA-type functional groups, such as cinnamylidene
acetic acid (CAA) or cinnamic acid (CA) moieties, and cross-linking polymer-chain segments called netpoints that determine the permanent SMP shape. Light responsive
SMPs have CAA or CA moieties incorporated in their polymer matrix that can create
netpoint cross-links by irradiation with light of a suitable wavelength [151], as shown in
Figure 28. Irradiating the SMP with light of a diﬀerent wavelength breaks those crosslinks allowing restoration of the undeformed shape [152].
Light can also be used inderectly by heating a thermal-responsive SMP. SMPs actuated by
such irradiative heating are not properly light-responsive SMPs because the molecular actuation mechanism common to light-responsive SMPs is not present. Moreover, light-triggered
thermal-responsive SMPs will be much more strongly inﬂuenced by the ambient temperature and conductive heat transfer within the material [151]. Chemo-responsive SMPs function
based on the shifting of phase transition temperatures in response to being exposed to a
substance like water [153–156]. A chemo-responsive SMP can be ‘programmed’ with a

Figure 27. Cycle of ‘programming’ a thermal active SMP with a deformed shape and then restoring
its undeformed shape through the following steps: (1) straining the material by applying a
mechanical load, (2) cooling the material to ‘freeze’ in the deformed shape, (3) unloading the
material, and ﬁnally (4) heating the material to restore its undeformed shape. Figure adapted with
permission from [226].
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Figure 28. Photo-ﬁxing and photo-cleaving of light responsive SMP through irradiation with light of
appropriate wavelengths. The chromophores (open triangles) are covalently grafted onto the
permanent polymer network, forming photoreversible cross-links (ﬁlled diamonds). The SMP is
‘programed’ with a deformed shaped by irradiating it with light of a suitable wavelength. The
undeformed shape is restored by irradiating the polymer with light of a diﬀerent wavelength.
Figure reprinted with permission from [163].

deformed shape, by drying out the material (raising the transition temperature) and then
restored to its undeformedshape by hydrating it (lowering the transition temperature). A
chemo responsive SMP capable of temperature-independent actuation was demonstrated by
exposing the SMP to a solvent at room temperature [156].
In general, advantages of SMPs are they can be programmed with large strains and
exhibit high work densities. Additionally, there is a large range of materials that exhibit
shape memory properties, so it is easy to tailor the SMP to speciﬁc applications (for instance,
ones that require biocompatability). They are also easy to manufacture through a variety of
fabrication techniques that can easily be adapted to automated and freeform fabrication
methods. Also both light-responsive and thermal-responsive SMPs can be remotely actuated. Advantages of light-responsive SMPs speciﬁcally, are that by controlling the intensity
of the light, the degree and speed of the actuation can be controlled. Additionally, by
exposing only selected areas of the material, partial relaxation can be aﬀected [157].
A disadvantage of SMPs, in addition to generally being irreversible, is they tend to
have a slow response. Most thermal active SMPs require at least 10 seconds to fully
restore their undeformed shapes and some SMPs can take as long as several minutes.

4.2. Applications
The biomedical ﬁeld is currently an attractive area for application of SMPs as active medical
devices. Ambient body temperature can induce actuation in thermal SMPs while bodily ﬂuids
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can actuate chemo-responsive SMPs. Because of their large irreversible deformations and
durability, SMPs are especially suited for applications leveraging reconﬁgurable geometry. For
instance, origami based robots make use of SMPs to fold up into their functional form after
being fabricated from ﬂat sheets. These have been employed to create various kinds of
crawling robots [158], as well as a, biodegradable robot for patching stomach wounds [22].
There are also interesting ways to make operational use of SMPs responsiveness to stimuli like
light and heat. For instance, biodegradable thermal SMPs can be used for suturing wounds,
taking advantage of body heat to close the wound more tightly [152]. In another application,
porous SMP foam has been used as a self-ﬁtting scaﬀold for treating Cranio-Maxillo facial
bone defects [159]. Additionally, light activated SMPs have been developed to be introduced
into small arteries through a catheter for the capture and removal of blood clots [160]. These
applications of SMPs take advantage of the breadth of materials with shape memory properties to select materials that are non-toxic and non-mutagenic [161]. There are also aerospace
applications of SMPs that make use of large variations in light and heat in space [32].

4.3. Conventional manufacturing and materials
A wide variety of conventional thermoplastics and thermosets can be used as SMPs and are
thus manufactured through establish methods, such as, shape extrusion, injection molding,
blowing, and laser ablation. Refer to [162] for more manufacturing methods and further
details. Many commercially available materials, like Naﬁon, exhibit shape memory properties
without additional processing or treatments. However, in some cases secondary processes
have to be applied to obtain a shape memory eﬀect. For instance, CA and CAA moieties may
need to be grafted into a polymer to obtain a light induced shape memory eﬀect [163], or
methacrylate groups may need to be added to obtain a thermal shape memory eﬀect [164].
Composites of SMPs and other materials can also be fabricated to give the SMP
special qualities. For instance, mixing carbon black with polyurethane results in a
thermal-responsive, shape memory polymer that can be remotely actuated by being
irradiated with visible light [165]. A rapidly switchable water-sensitive SMP can be made
with a cellulose/elastomer nano-composite by mixing thermoplastic polyurethane chips
with treated cellulose whiskers [156].

4.4. Freefrom fabrication techniques
There are a variety of automated and freeform fabrication techniques that have been
developed for fabrication of SMPs, including fused ﬁlament fabrication, stereolithography, projection micro-stereolithography and PolyJet. Additionally, so called ‘4D printing’
or self-folding methods, where a desired 3D shape is obtained from the stimuli induced
reconﬁguration of material from its fabricated shape (commonly a two-dimensional
sheet) is often employed with SMP material.
Fused ﬁlament fabrication has been used to 3D print light-triggered thermal-responsive SMP structures using a composite of polyurethane and carbon black, where the
carbon black helps to absorb radiation from light sources [165]. Stereolithographic (SLA)
3D printing was used to create thermal SMP actuators from a melted precursor of a
methacrylated polycaprolactone (a semi-crystalline polymer) [164]. Projection microstereolithography has been used with an automatic material exchange to create multi-
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Figure 29. Projection micro-stereolithographic printing of a multi-material SMP: (a) Process of
fabricating multi-material monolithic structure, (b) Photo-curable shape memory polymer network
constructed using mono-functional monomer, Benzyl methacrylate (BMA) as linear chain builder
(LCB), and multi-functional oligomers, Poly (ethylene glycol) dimethacrylate (PEGDMA), Bisphenol A
ethoxylate dimethacrylate (BPA), and Di(ethylene glycol) dimethacrylate (DEGDMA) as crosslinkers.
Figure adapted with permission from [166].

material monolithic structures [166], as shown in Figure 29. Finally, Polyjet 3D printing (a
multi-material 3D printing process consisting of ink-jet printing photo-curable resins and
photo-polymerization) has been used to fabricate a three-layer composite of an elastomer, a hydrogel and a proprietary material (Grey60) that exhibits a shape memory
eﬀect [147].
In addition to these 3D printing processes, 3D structures can also be produced by
utilizing SMPs in multilayer self-folding structures as shown in Figure 30. These structures are generally fabricated as unimorphs to generate bending in response to being
heated [167], as shown in Figure 30(a) and (b). Complex patterns of folds (and possibly
cuts) result in sophisticated 3D structures which can be integrated with additional
elements such as magnets and motors for actuation [168,169]. Generally, fabrication
involves ﬁrst compositing the SMP material with adhesive and other materials. Then
machining can be employed to create cuts and folding element patterns. This approach
can be leveraged to create a variety of robots over a range of sizes.

4.5. SMP motion control
Active areas of research aﬀecting motion control of SMPs include extent of actuation
[165,170,171], sequencing in multi-actuator structures [170,171], reversibility
[1,146,149,172], repeatability [1,157], number of possible 'programable' shapes
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Figure 30. Self-folding using SMPs: (a) fabrication of self-folding element consisting of PVC (SMP
material), adhesive and supporting layers, (b) architecture and activation of self-folding element, (c)
fold pattern of self-folding origami robot, (d) folded origami robot. Figure reprinted with permission
from [167].

[157,172], and controlling the range of stimuli SMPs are responsive to
[1,149,157,172,173]. Additionally, remote actuation of light-triggered thermal-responsive
SMPs and light-responsive SMPs is of special interest.
Some research has charechterized and modelled the response of SMP actuators
[157,174–176].
For instance a light-triggered thermal-responsive SMP actuator’s response has been
charechterized in [165]. Figure 31 shows the restoration of the undeformed shape of a
3D-printed, light-triggered, thermal-responsive SMP. From this, its observed that SMPs
demonstrate the most rapid responses when ﬁrst actuating from the temporary shape,
and slow as the shape approaches the permanent shape.

Figure 31. Restoration of the undeformed shape of a 3D-printed, light-triggered, thermalresponsive SMP: (a) in response to an 87 mW cm2 light source and (b) in respnse to sunlight.
Note that the largest material displacement occurred between 0 and 40s and that the amount of
displacement decreased in each subsequent time frame. Images reprinted with permission from
[165].
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This non-linear response is common in SMP actuators [149,165,177]. To model this
response, another light-triggered thermal-responsive SMP was printed as a bending
actuator as shown in Figure 32.
In the discussion of the ﬁlm’s actuation response, the Illumination Time vs
Deformation Angle with varying ﬁlm thickness (Figure 32(c)), the Illumination Time vs
Deformation Angle with varying light intensities (Figure 32(d)), and a three-axis graph of
the Illumination Time vs Light Intensity versus Deformation Angle (Figure 32(e)) were
discussed and presented. In addition to these graphs an equation which characterizes
the deformation angle α as a function of the illumination time and the light intensity
was developed, hence
α¼

A1 expðB1 IÞ þ A2 expðB2 IÞ


2 expðB2 IÞ
1 þ exp ðC1 I þ C2 Þt þ ln A1 expðB1 IÞþA

1
D1


(1)

This work presents an example of a 3D printable, light-triggered, heat activated, SMP
actuator. It demonstrates how the response characteristics of 3D-printed SMP actuators
can be modelled and used to control the material actuation. By using Eq. (1), the angle
of actuation can be determined for a speciﬁc illumination time, and likewise, given a
desired angle and light intensity, a theoretical illumination time could be solved for by
using this equation [165].
Similar studies of other light-triggered SMPs has been presented in [151,178,179].
Similar studies of chemo-responsive SMPs has been presented in [177,180]. Finally,
similar studies have been conducted in [150,174,175,181] for thermal-responsive SMPs.
Response time and actuation rate of thermal-responsive SMPs is heavily dependent on
the material conductivity, localized temperature, and transition temperature [150].
During actuation from the temporary shape, the heat ﬂows into the SMP and the
temperature at the inter-molecular cross-links reaches the transition temperature. At
this point, the inter-molecular cross-links are relaxed or broken, allowing the material to
return to its permanent shape. Additional factors that aﬀect the response time of SMPs
in general includethe material’s elasticity and polymer cross-linking density [180].
To control the actuation of an SMP, stimuli can be removed to ‘pause’ the
transition from the programmed to the undeﬀormed shape. Upon reapplication of
the stimuli, the material will begin to once again return to the undeformed shape.

5. Liquid crystal polymers
Liquid crystal polymers function based on the loss and regaining of order of molecular
groups in the course of phase transitions in response to stimuli like light and heat. These
materials are distinct from SMPs in that phase transitions do not merely cause the
material to ‘freeze' in or release a ‘programmed’ shape, but are directly responsible for
shape changes due to the realignment of molecular groups throughout the material.
This section will ﬁrst discuss the composition, mechanics and advantages of liquid
crystal polymers as actuators. It will go on to discuss applications of them. It will address
manufacturing of liquid crystal polymers and free-from adaptations of these manufacturing methods and will close by brieﬂy addressing motion control of liquid crystal
polymers.
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Figure 32. The SMP ﬁlm actuator presented in [165]. An image of the 3D-printed ﬁlm is shown in (a)
and (b). The illumination time versus deformation angle for varying ﬁlm thicknesses are shown in (c).
The illumination time versus deformation angle with varying light intensities are shown in (d).
Finally, the three axis graph of the illumination time versus light intensity versus deformation angle
is shown in (e). Figure reprinted with permission from [165].

5.1. Physics and actuation mechanics
Liquid crystals are intermediate phases of matter that exhibit both crystalline and liquid
behaviors, namely exhibiting order and anisotropy, but also being able to ﬂow and
conform to containers. The degree of order and anisotropy in the material can be
controlled by temperature, concentration or light if the material is thermotropic, lyotropic or phototropic respectively. Liquid crystals consist of long rod like monomers
called mesogens that can align to produce varying degrees of order, producing distinct
liquid crystal phases [29]. Smectic liquid crystal phases exhibit both alignment and form
layers, as shown in Figure 33(a1) and (a2). In nematic liquid crystal phase, the mesogenic
groups align in the same direction but do not form layers [29], as shown in Figure 33(a3).
Liquid crystal polymers contain mesogenic units that undergo these liquid crystal phase
transitions in response to stimuli [29].
Liquid crystal polymers are divided into groups based on their polymeric composition
and structure. A liquid crystal main-chain polymer (which uniquely will be identiﬁed as
LCPs) are non-cross-linked high performance polymers such as Vectran, as shown in
Figure 33(b1-b3). Liquid crystal polymers with mesogens linked to the backbone by side-
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chains are separated into end-on and side-on groups depending on whether the
mesogens are attached at their ends, as shown in Figure 33(b2) or sides, as shown in
Figure 33(b3) [30]. Liquid crystal networks (LCNs) consist of similar backbones as LCPs
but also have cross-linked side-chains with an architecture illustrated in Figure 33(c1).
Liquid crystal elastomers (LCEs) consist of an elastomeric backbone and cross-linked
side-chains with an architecture illustrated in Figure 33(c2) [29,30].
Liquid crystal polymers act as actuators by the transitioning of their mesogenic
groups between liquid crystal and isotropic phases, losing structure in response to
stimuli. In the case of phototropic liquid crystal polymers, the material is doped with
azobenzene dye that undergoes a trans-cis isomerization in response to light [6]. In the
trans state the azobenzene molecule aligns with a mesogenic host but bends in the cis
state disrupting this alignment [6]. The directionality of the deformation of liquid crystal
polymers depends on the orientation of their mesogenic moieties. For instance, if those
mesogens are oriented in a continuous direction then the macroscopic eﬀect of isomerization will be shrinking in that direction. By contrast, if the mesogenic groups are
oriented in a splay-bend conﬁguration as illustrated in Figure 36(a), then the macroscopic eﬀect of isomerization will be bending.
The advantages of liquid crystal polymers include fast response (response times on
the order of milliseconds are achievable), reversible and remote actuation (by light or
radiative heat transfer), and that they do not require electrodes [6]. LCEs speciﬁcally
exhibit dramatic shape change ability. For instance, a thermotropic LCE which transitions
from a nematic to an isotropic phase will shrink down to a fourth of its original length in
response to heating [29]. Its original length can be restored by simply cooling the LCE.
However, LCE’s have a low elastic modulus (on the order of 0.1–5 MPa) as shown in
Figure 33(d3) and a low max stress (on the order of 105 N/m2) at zero strain condition
[23]. Consequently, they have low work densities. By contrast, LCNs exhibit less dramatic
shape change ability, but have a higher elastic modulus (on the order of 0.8–2 GPa)
higher max stress and consequently higher work densities (up to 9 kJ/m3 is achievable),
which makes them comparable to IPMCs, for instance.
Another, unique advantage of liquid crystal polymers is that the shape change that
liquid crystal polymers undergo through isomerization is designable based on the
alignment of the mesogenic groups in the material [29], as shown in Figure 34.
Notable shape changes that can be achieved are planar uniaxial, as shown in
Figure 34(a), cholesteric, as shown in Figure 34(b), twisted nematic, as shown in
Figure 34(c) and splay-bend, as shown in Figure 34(d). The ability to achieve diﬀerent
shape changes from a single material does not exist in conjugated polymer actuators for
instance. In other materials, obtaining diﬀerent shape changes depends on a layered
structure.

5.2. Applications
Given the fast, dramatic and reversible contractile response of LCEs they are of interest
as artiﬁcial muscles, in spite of their low work density [23,29], as shown in Figure 35(a1)(a3). Because of their large, tailorable shape changes and the ability to be remotely
actuated, phototropic LCEs have especially been investigated for use in locomotive
applications such as peristaltic crawling platforms [182], as shown in Figure 35(b1) and
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Figure 33. Liquid crystal polymers: (a1) smectic A liquid crystal phase exhibiting alignment and
layers, (a2) smectic C liquid crystal phase exhibiting alignment and layers, (a3) nematic liquid crystal
phase exhibiting alignment and but not layers, (a4) isotropic phase exhibiting neither alignment nor
layers, (b1) main chain liquid crystal polymer with mesogenic groups incorporated into backbone
polymer, (b2) side-on liquid crystal polymer with mesogenic groups side linked to backbone, (b3)
end-on liquid crystal polymer with mesogenic group end linked to backbone, (c1) cross-linking of a
liquid crystal network (LCN), (c2) cross-linking of a liquid crystal elastomer (LCE), (d1) representative
linear LCP, with melting temp in excess of 300◦ C, elastic modulus in excess of 100 GPa and minimal
change in entropy in response to stimuli, (d2) representative liquid crystal network with a glass
transition temperature of 40–120◦ C, an elastic modulus of 0.8–2 GPa and a change in entropy of
about 5%, representative liquid crystal elastomer with a glass transition temperature of less than 20◦
C, an elastic modulus of between 0.1–5 MPa and a change in entropy in excess of 90% [1,29].
Figures (d1)-(d3) reprinted with permission from [29].

(b2), as well as membranes that ﬂoat on the surface of water and eﬀectively swim in the
manner of a ﬂatﬁsh like a skate or a ray [183], as shown in Figure 35(c1) and (c2).
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Figure 34. Macroscopic shape changes in liquid crystal polymers resultant from various mesogen
structures: (a) planar uniaxial shape change resultant from isomerization of corresponding mesogen
structure, (b) cholesteric shape change resultant from isomerization of corresponding mesogen
structure, (c) twisted nematic shape change resultant from isomerization of corresponding mesogen
structure, (d) splay-bend shape change resultant from isomerization of corresponding mesogen
structure. Figure reprinted with permission from [29].

LCN, bending actuators have been used both in gripping applications [184], as shown
in Figure 36(b1)-(b3) and in artiﬁcial cilia arrays [6], as shown in Figure 36(c1)- (c3). In the
gripping application, the thermotropic LCNs’ reversible response to temperature is
leveraged to cause the gripper to automatically release the silicon wafer, when it places
it on the heated platform [184]. In the use of the phototropic LCN as an artiﬁcial cilia
array, the photo-responsiveness of the material is especially advantageous for remotely
and modularly addressing the miniature device [6]. LCNs have also been recently
demonstrated for use in a remotely addressable crawling device [24].

5.3. Conventional manufacturing
There are four common synthesis routes for LCEs speciﬁcally [30], as shown in Figure 37.
LCEss can be fabricated by a ‘one-pot’ method, both incorporating mesogenic monomers
into a polymer and cross-linking it to obtain the Liquid crystal polymers, as shown in
Figure 37(a). Alternatively, prefabricated liquid crystal polymers can be mixed with crosslinker and reacted to obtain the LCE, as shown in Figure 37(b), liquid crystal polymers
already containing cross-linking moieties can be activated to form LCEs, as shown in
Figure 37(c) or a mixture of liquid crystal monomers and cross-linker can be polymerized
to obtain the LCE, as shown in Figure 31(d). Refer to [30] for more information.
As examples of these methods, the approach illustrated in Figure 37(a) can be done by
synthesis of the LCE through a platinum catalyzed hydrosilylation reaction of poly(methylhydrogensiloxane) with the side chain mesogen 4-but-3-enyloxybenzoic acid 4-methoxyphenyl
ester and the nematic polyether based on 1-(4-hydroxy-4-biphenyl)-2-[4-(10-undecenyloxy)
phenyl]butane, end-functionalized by vinyl groups [23], as shown in Figure 38.
The pre-polymers used in the method illustrated in Figure 37(c) can be synthesized by
co-polymerization of the mesogenic monomers with co-monomers containing a reactive
hydroxyl group. The pre-polymers can then be cross-linked with a diisocyanate crosslinker [185]. And the approach illustrated in Figure 37(d) can start with mesogenic
monomers such as acrylates or methacrylates and employ radical polymerization using
cross-linkers with the same reactivity as the mesogenic monomers [185]. This is to avoid
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Figure 35. Applications of liquid crystal elastomers (LCE): (a1) anisotropic shape change of thermotropic LCE in response to change in temperature, (a2) thermotropic LCE lifting a weight in response
to heating, (a3) dimensional changes of thermotropic LCE in response to heating where L is the
original length, Liso is the heated (isotropic length) and Lper is the width (length perpendicular) of
the thermotropic LCE, (b1) diagram of peristaltic locomotion of a phototropic LCE worm-like robot
using structured light, (b2) photos of the locomotion sequence of a phototropic LCE worm-like robot
using structured light, (c1) diagram of ray- like swimming of a phototropic LCE using structured
light, (c2) photos of the locomotion sequence of a phototropic LCE using structured light. Figures
(a1)-(a3) reprinted with permission from [29]. Figures (b1) and (b2) reprinted with permission from
[182]. Figures (c1) and (c2) reprinted with permission from [183].

a change in concentration ratio with the progression of the reaction. This reaction
should be conducted in a solution or only in bulk for thin ﬁlms to control the temperature at which the reaction occurs. Following synthesis using this approach a de-swelling
process follows to remove the solvent [185].
In addition to these processes, manufacturing of liquid crystal polymers as actuators
always involves arrangement of the mesogens into liquid crystal monodomains, because
these domains are necessary for mesogenic phase transitions to result in macroscopic
eﬀects [30]. Also, to fabricate phototropic liquid crystal polymers it’s necessary to dope
the liquid crystal polymers with azobenzene dies during synthesis [30,186]. For more
information on the fabrication of liquid crystal polymers refer to [30,185,187].

5.4. Free form fabrication methods
In addition to these methods, a four-step process has been utilized to print small
phototropic LCNs by a combination of spin-coating, ink-jet printing, and micromachining [6], as shown in Figure 39. First, a water soluble polyvinyl alcohol (PVA) release layer
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Figure 36. Applications of splay bend LCN bending actuators: (a) illustration of the bending
deformation that results from activation of the LCN, (b1) response of a thermotropic LCN bending
actuator to changing temperature, (b2) diagrams of a gripper using a thermotropic LCN for handling
of silicone wafers, (b3) pictures of a gripper using a thermotropic LCN for handling of silicone wafers,
(c1) response of a composite phototropic LCN bending actuator in response to visible and ultraviolet
(UV) light, (c2) diagrams of artiﬁcial cilia array composed of composite phototropic LCN bending
actuators, (c3) pictures of artiﬁcial cilia array composed of composite phototropic LCN bending
actuators. Figures (a) and (b1)-(b3) reprinted with permission from [184]. Figures (c1)-(c3) reprinted
with permission from [6].

Figure 37. Four routes for synthesizing LCEs: (a) ‘one-pot’ method mixing all reactants in a
palladium-catalyzed reaction, (b) liquid crystal polymers are mixed with a cross-linker that react
with functional groups in the polymers, (c) liquid crystal polymers already containing cross-linking
groups are activated, for instance by ultraviolet (UV) light, (d) a liquid crystal monomer is mixed with
a cross-linker and is then polymerized, for instance, using UV light [30]. Reprinted with permission
from [30].

is deposited, as shown in Figure 39(a). This is followed by spin coating a solution of
homeotropic-aligning polyimide layer which is pre-treated to give a prescribed angle of
80◦ oﬀ the horizontal to the mesogens in the liquid crystal polymer that will subsequently be deposited, as shown in Figure 39(b). A solution of the liquid crystal polymer
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Figure 38. Fabrication of a liquid crystal elastomer (LCE) by a platinum catalyzed hydrosilylation
reaction: (a1) reactant poly(methylhydrogensiloxane), (a2) reactant 4-but-3-enyloxybenzoic acid 4methoxyphenyl ester mesogen side chain, (a3) reactant nematic polyether based on 1-(4-hydroxy-4biphenyl)-2-[4- (10-undecenyloxy)phenyl]butane, end-functionalized by vinyl groups, (b) LCE product from platinum catalyzed hydrosilylation at 60◦ C. Figure reprinted with permission from [23].

and azobenzene dies are then deposited, as shown in Figure 39(c). After these solutions
have cured, the release layer is dissolved [6], as shown in Figure 39(d). The LCN is
functionalized with acrylates or methacrylates, both of which rapidly photopolymerize
using a radical initiator, yet preserve molecular alignment [6]. Thereby, the mesogens
neighboring the polyimide layer automatically align with it. The inclusion of a small
amount of surfactant in the mix with the slight pre-tilt of the mesogens at the polyimide
layer causes the mesogens at the opposite boundary to align horizontally (parallel to
boundary). Therefore, the director changes direction through the thickness of the
material. This splay-bend conﬁguration of the mesogens through the thickness, leads
to a pronounced bending in response to stimuli. This simpliﬁes the design of the
bending actuator [6].
Because of the dependence of the shape change of liquid crystal polymers on
their mesogenic structure, three dimensional features can be ‘programmed’ into
ﬂat sheets of LCEs by introducing topological defects into the material [188], as
shown in Figure 40. The mesogenic structures around these defects form concentric rings (the director changing by a full 360◦) around the defect, as shown
in Figure 40(a). The shape change that results from isomerization of this mesogenic
structure is a radial expansion extending out from the defect but also a contraction
of the circumference. This results in peaked features centered about the topological defects, as shown in Figure 40(b). However, the defects are bi-modal, being able
to deﬂect up or down upon isomerization. Consequently, multiple shape changes
are possible in LCEs with topological defects, as shown in Figure 40(c). Like SMPbased origami robots, topological defects give LCEs the ability to reconﬁgure into
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Figure 39. Fabrication of phototropic liquid crystal network (LCN) based artiﬁcial cilia array: (a)
structured deposition of polyvinyl alcohol (PVA) release layer, 1, (b) spin-coating of polyimide
alignment layer, 2, followed by curing and buﬃng to give desired pre-tilt, (c) ink-jet deposition of mesogenic and cross-linking monomers with azobenzene dyes, 3 & 4, which are then
cured, (d) dissolving the PVA release layer. Figure reprinted with permission from [6].

three dimensional shapes from ﬂat sheets. However, LCEs have the added beneﬁt
that these shape changes are reversible, whereas SMP based folding structures
cannot restore their unfolded shape.

5.5. Motion control
There are few attempts to dynamically control liquid crystal polymers to achieve
trajectory tracking or position regulation (of a bending actuator for instance), the way
that there is for IPMCs and related ionic EAP actuators. None-the-less, as with other
polymeric actuators, it is necessary to model the dynamic response to stimuli, to develop
sensors for position and/or force feedback, and to apply dynamic control strategies that
can achieve satisfactory performance in-spite of time varying dynamics. Consequently,
some strategies employed for self-sensing and dynamic control in IPMCs and ionic EAP
actuators, might also be a basis for investigating motion control of liquid crystal polymer
actuators.

6. Other materials
6.1. Hydrogels
Absorbent polymer (AP) materials are hydrophilic polymer networks that are capable of
absorbing water and aqueous solutions. A group of these AP materials are the
Superabsorbent Polymer (SAP) materials. SAPs are extremely absorbent and are capable
of absorbing and retaining as much as 100,000% of their own mass in water or aqueous
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Figure 40. Designable shape changes in LCEs from the inclusion of topological defects: (a) topological defects in a liquid crystal elastomer, causing a 360◦ change in director orientation, (b) shape
change of thermotropic LCE with nine evenly spaced topological defects, exhibiting azimuthal
contraction and radial expansion resulting in peaks centered on the topological defects, (c) multimodal shape change of a strip of thermotropic LCE resulting from combinations of up and down
modes of individual defects. Figure reprinted with permission from [188].

solutions [189]. Hydrogels, another group of AP materials, are distinguished by their
ability to swell in water without dissolving. They also have a degree of ﬂexibility
dependent on the polymeric material. Additionally, the gel strength should be high
enough to prevent a loosened, mushy, or slimy state. While hydrogels are APs, only a
few of them are considered SAPs.
Despite the vast range of applications for hydrogels, continued research in this
ﬁeld and improvements in performance; hydrogels still suﬀer from limitations that
severely limit their implementation in the ﬁeld of soft robotics. Hydrogel actuation is
dependent on the rate at which the polymer network can absorb the aqueous
solution. Because of this dependency, response time is fairly slow and ranges from
seconds to days. Another limitation of hydrogels is that they need to be located in a
solvent bath for the water absorption to occur. The limitations to response time and
actuation environment motivated the research into and development of IPMC actuators [190]. SAPs and hydrogels are currently used in a wide range of applications that
include hygiene, agriculture, pharmaceuticals and drug delivery systems, food additives, biomedical applications, diagnostics, wound dressing, biosensor, and sealants [191].
Recently, an ionic composite hydrogel has been printed using stereolithographic
technology [192]. The method exhibits high resolution and the material can potentially
be employed as an actuator, driven by osmotic eﬀects. Because of the wide range of
materials available for use as hydrogels, thermoplastic and thermosetting manufacturing
techniques can be used.
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6.2. Dielectric elastomers
Another group of actuator that merits mention are the non-ionic electroactive polymers
and gels. Within this group is the dielectric elastomer actuator (DEA). The actuation
mechanism for DEAs is based on electrostatic forces. Two ﬂexible electrodes are applied
on either side of a thin elastomer or compressible membrane. The electrode material is
typically graphene based such as graphene monolayers or graphene oxide. Carbon
grease is an excellent choice for the electrode material, because of its ﬂexibility,
tendency to adhere to most surfaces, ability to endure large strains without aﬀecting
the membrane elasticity, and its high conductivity. However, if a smear-free electrode is
required, cross-linked hydrogel polymers can been used. Other electrode materials
include CNTs, carbon powder stamps, carbon based ink, and metal-ion-implanted electrodes [1]. Silicone is often chosen for the dielectric elastomer material because of its
ﬂexibility, high breakdown voltage, and elasticity. However, in spite of Silicone’s high
breakdown voltage, the large input voltage required for actuation become an issue,
leading to material breakdown, shorts, and failed actuators. Silicones with a high breakdown voltage are available, however, these grades of silicone are more expensive.
When a large voltage is applied across the electrodes, an attractive force is generated
between the electrodes and the membrane is compressed. The eﬀect is that the
actuator stretches and expands in the electrode plane while simultaneously decreasing
in thickness as a result of the stretching. A characterization and model of a DEA is
provided in [193]. One of the limitations of DEAs is the large input voltage required to
generate the electric ﬁeld. The magnitude of the input voltage for these actuators is on
the scale of kilovolts.
These actuators can be arranged in a variety of conﬁgurations, for instance either as
stand-alone actuators or incorporated into a stack for multiplication as in the case of
DEA stack actuators. Methods for manufacturing the membrane material include thermosetting techniques, such as casting and spin coating for thin ﬁlms. The electrodes can
then be printed onto the thin ﬁlms using graphene based dispersions [194]. A curing
process can be applied which involves heating the composite. The individual actuators
are then stretched and ﬁxed in a frame [195]. The pre-stretching causes the actuators to
return to their neutral position after actuation. These individual actuators can then be
stacked together for increased force and displacement [196].
Stack actuators have been used in a biomimetic quadruped robot [194]. Stack
actuators have been used with a mechanical coupling device to enhance actuation
displacements in [196] and electrode patterning was used in fabrication of DEAs for
use in a hexapod crawling robot in [195]. Other research in DEAs include utilization of
snap-through instabilities to create large deformation responses [197], ﬂuidically
coupled actuators for reversible deformations and safe-to-contact surfaces [198], an
annelid-like crawling robot [199], and versatile soft grippers [200].

6.3. PVC gel actuators
PVC gel membrane actuators are composed of a plasticized PVC gel that has been
sandwiched between two electrodes. the electrodes can be in a plate or a mesh form.
The actuation mechanism of PVC gel actuators is similar to DEAs in that PVC gels also
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depend on electrostatic forces . These electrostatic forces cause a deformation in the
PVC gel [201]. This can produce a bending, expanding, or a contracting motion. The
actuation mode of PVC gel actuators is highly dependent on the electrode
conﬁguration [202].
While the actuation mechanism of PVC gel actuators is, in large part, analogous to the
activation mechanism in DEAs, the PVC gel actuators experience phenomena that is not
present in DEAs [203]. When sandwiched between electrodes with an applied electric
ﬁeld, the PVC gel experiences creep deformation, thereby compressing the material.
When the electric ﬁeld is removed, the actuator returns to its undeformed shape. It was
also found that negative charges within the gel collected near the anode. Additionally,
the PVC gel separates into two layers with diﬀering mechanical properties after the
electric ﬁeld is applied. It is hypothesized that these phenomena are caused by the
migration of electrons from the cathode into the PVC gel which then collect near the
anode [203]. Figure 41 illustrates these eﬀects as well as the diﬀerence between the
resulting actuation mechanism in DEAs and PVC gel actuators.
PVC gel stack actuators excel in applications where light weight alternatives to
traditional actuators are needed. In [203], discuss the large potential of this material
for use as an artiﬁcial muscle. PVC artiﬁcial muscles (PVCAM) have been usedto make
lightweight walking assist devices [204]. In this targeted application the PVCAM assisted
walking mechanism was shown to increase the users walking speed by 10% and step
length by about 2.8 cm.
Casting methods are typically used to fabricate PVC gel actuators. For instance, in
[204] commercialized PVC powder was plasticized by dibutyl adipate (DBA), mixed in a
solvent of tetrahydrofuran (THF), then cast in petri dishes and the THF evaporated out at
room temperature.

7. Analysis and comparisons
This section provides a performance comparison of materials for use in 3D-printed
robots as well as means for fabricating them especially by freeform fabrication techniques such as 3D printing. First, ionic electroactive polymers (EAPs) such as conductive
polymers, IPMC, carbon nanotubes (CNT)s and ionic gels are addressed. Then thermal
active polymers, such as thermal-responsive SMPs and thermotropic liquid crystal polymers are addressed. Finally, light active polymers such as light-responsive SMPs and
phototropic liquid crystal polymers are addressed.
Active polymeric materials can function either in bending or non-bending modes of
actuation. Stroke (maximum achievable displacement) is smaller in non-bending actuators than in bending actuators (where bending results from diﬀerential strain of bonded
layers). Consequently, many of the materials considered are generally fabricated as
bending actuators, since a large stroke is desired. The amplitude of oscillation of active
materials in response to low frequencies can be estimated from the maximum displacement achieved in response to a step input. However the stroke will be attenuated at
higher frequencies. This attenuation is dependent on the response time of the material.
Materials with a slower response time will exhibit a more attenuated response to high
frequency inputs. It’s common to characterize the displacement of actuators over a

INTERNATIONAL JOURNAL OF SMART AND NANO MATERIALS

193

range of frequencies, for instance see [83] for IPMCs and CNTs, and see [205] for similar
data for conjugated polymer bending actuators.
The relation between the displacement or stroke of a bending actuator and the
actuator curvature is approximated as
ρﬃ

L2 þ δ2
;
2δ

(2)

for thin beams, where ρ is the radius of curvature, δ is the tip displacement and L is the
original free length of the beam [46]. The relation of the bending curvature and the max
compressive and tensile strains is given by
εﬃ

h
;
2ρ

where ε is the max strain and h is the thickness of the beam [46]. Strain is deﬁned as the
displacement normalized by the original material length in the direction of lineal
deformation (engineering strain) [46,206]. Typical strain is the strain that is usually
manifest in working devices, whereas peak or max strain is the maximum strain reported
[206]. Most bending actuators will be manufactured to be less than 200 μm thick.
Also in the proceeding, typical stress is deﬁned as the force per cross-sectional area
(whose surface normal is parallel to the direction of lineal deformation) under which
actuators are typically tested [206]. Max stress is the max force per cross-sectional area
under which the material is able to maintain position (also referred to as blocking
stress) [206].

7.1. Ionic electroactive polymers (ionic EAPs)
Most ionic electroactive polymers are fabricated as layered composites that function as
bending actuators. These ionic electroactive polymer actuators are attractive for use in
mm to cm scale soft mechatronics applications, because they can be directly driven by
low voltage electric signals and can function in aqueous environments. They can also
function in the air provided they have electrodes and a means of remaining hydrated.
They generally exhibit low eﬃciencies and have lower work densities, which is an
obstacle to powering them through an on-board battery. Consequently, they will
typically require a wire harnesses. An exception are ionic gels or other ionic EAPs that
are operated in electrolytic environments.
Table 2 and Figure 42 presents some reported values for the operating voltage,
charge transfer, eﬃciency, response time, strain rate, strain, stress, work density and
elastic modulus for ionic EAPs such as conductive polymers, IPMCs, carbon nanotube
actuators and ionic gels [1,135,206–209]. Though not technically a polymer, carbon
nanotube actuators have similar composition and mechanics to ionic EAPs. They are
included in the table for completeness.
As can be seen, all materials have a typical operating voltage close to 1 volt. Higher
continuous operating voltage can potentially be achieved with alternative solvents or
use of ionic liquids [126,210]. CNTs have a lower eﬃciency and strain, but also a lower
response time than conductive polymers and IPMCs. All three materials have a maximum strain rate on the order of 10% per sec. Conductive polymers have high work

1 (min)
1–4 (typ)
7 (max)

1 (typ)
30 (max)

1–3.5
[135,136]

IPMCs

CNT
actuators

Bucky gel
actuator

0.1 (typ)
–

–

1.5 (typ)
2.9 (max)

Eﬃciency
(%)
<1 (typ)
18 max

6 (typ)

0.9 (typ)

Charge
transfer (MC/m3)
10 (min)
100 (max)

0.1–1
[136]

0.2 (typ)
1 (max)

<0.01
–

0.5 (typ) 3
(max)

Strain (%)
2 (typ)
12 (max)

>1 [1]

Response
time (sec)
>1 [1]

–

0.6 (typ)
19 (max)

3.3 (max)

Strain
rate (%/sec)
1 (typ)
12 (max)

0.1 [135]

1 (typ)
27 (max)

0.23 (min)
3 (typ)
15 (max)

Stress
(MPa)
5 (typ)
34 (max)
200 (max)
[206,207]

–

2 (typ)
40 (max)

5.5 (max)

Work
density (kJ/m3)
100 (typ)

CNT: > 25

Membrane: 1–10
∗
Pt-salt: 100

Material
costs
(USD/gram)
PPy: 4–25
PANI: 6–20 PEDOT:
PSS: 1–20

Electrode: 260 ∗∗PVDF-HFP: 1
BMIBF4: 2–20
[136]
Electrolyte: 70 CNT: > 25
[136]

1000 (typ)
10,000 (max)

50 (min)
100 (typ)

Elastic
modulus (MPa)
200 (min)
800 (typ)
3000 (max)

*Based on the cost of tetraammineplatinum(II) chloride hydrate. Platinum electrodes penetrate 10–20 µm into the ionomeric material of an IPMC.
**Bucky-gel electrodes are composed of 13 wt% carbon nanotubes (CNT), 54 wt% BMIBF4 and 33 wt % PVdF-HFP. The internal ionic-liquid electrolyte layer contains 67 wt% BMIBF4 and
33 wt% PVdF-HFP [136].

Operating
voltage (v)
1.2 (typ) 10
(max)

Actuator
type
Conjugated
polymers

Table 2. Ionic EAP actuators. Unless otherwise stated, values are from [206]. Material costs are approximate and based on pricing from commercial vendors.
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Figure 41. Comparison of DEAs (left) vs. PVC gel actuators (right). On top is a DEA and a PVC gel
actuator with no applied DC ﬁeld. On bottomis a DEA and a PVC gel actuator with an applied DC
ﬁeld.

density (on the order of 100 kJ/m3) and strain. Moreover, strain is proportional to the
charge density for stresses lower than a few megapascals. Their principle disadvantage is
their signiﬁcant power requirements, indicated by their large charge transfer of up to
100 MC/m3. Carbon nanotube actuators have an especially fast response time and good
work density, but are very stiﬀ and exhibit low strain, consequently. IPMCs exhibit a
lower work density, but also have lower power requirements than conjugated polymers
or CNTs. Since, both IPMCs and CNT actuators are bending actuators, these materials can
exhibit a large stroke in spite of low strain. Conjugated polymers can also be utilized in
bending actuators, by compositing them with other materials such as noble metal
counter electrodes and/or polyelectrolyte ion-exchange layers such as Naﬁon. Though
not represnted in the table, superior ionic EAP bending actuators might be realized in
multi-layered structures sandwiching ion-exchange membranes between conjugated
polymer layers.
Conjugated polymer bi-layer actuator micro-bots can be fabricated through wellestablished micromachining methods [3]. Micromachining methods can also be
applied to IPMCs [211]. However, these techniques have shape restrictions limited
throughput, require specilized equipment and are expensive. There is an established method for fused ﬁlament fabrication of IPMCs [8, 212]. This method has the
advantage of being able to quickly produce a large variety of shapes in a mm to
cm size range, which is convenient for fabricating custom soft robots on that scale.
The principle drawback is that an extensive activation and plating process follows
the 3D printing process which could take several days. However, use of novel
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electrode materials such as asymmetrically laser-scribed reduced graphene oxide
paper (HLrGOP) [92] or conjugated polymers such as polypyrrole [86], which can be
composited with the ion-exchange materials through painting and/or hot pressing
methods could signiﬁcantly reduce this extensive manufacturing time. Overall, 3D
printing methods are preferable for conveniently fabricating custom 3D geometry.

7.2. Thermally activated polymer actuators
Thermally active polymers are advantageous because they typically have a simpler
construction than electroactive polymers. They don’t require electrodes and are generally not composites but rather a single active polymeric material, which is an advantage
in manufacturing them. They also exhibit much larger strains than electroactive polymers, which makes them especially useful for applications requiring large shape
changes. Table 3 and Figure 43 presents some reported values for the activation
temperature, eﬃciency, response time, strain rate, strain, stress, work density and elastic
modulus for thermotropic liquid crystal polymers and thermal-responsive SMPs
[1,23,157,188, 206, 213–216]. The thermally activated polymers exhibit strains on the
order of 800%, but it takes an extensive period to reach this maximum strain.
Consequently, the thermally activated polymers technically have a long response time.
Notably, however thermotropic LCEs have a larger maximum strain rate than any of the
ionic EAPs (37% per sec vs. 19% per sec).
Moreover, though the single value for strain rate for SMPs represented is low (0.125%
per sec) it is within the typical operating range of the ionic EAPs (as reported in [206])
and faster speeds may be achievable with diﬀerent SMP materials, in research that
speciﬁcally seeks to elicit a fast response. For this reason, the displacement speeds of
these thermally active materials may in fact be comparable to or even exceed those of
the ionic EAPs. The stress that SMPs are capable of is comparable to that of the ionic
EAPs, but liquid crystal elastomers, speciﬁcally, have a much lower max stress (0.45 MPa
vs. 34 MPa). Due to the large strain that LCEs are capable of however, it has a comparable work density to that of ionic EAPs and the work density of SMPs far exceeds that of
the ionic EAPs (2 MJ/m3 vs. 0.1 MJ/m3). The critical shortcoming of the SMP material is
irreversible actuation (i.e. the need for a programming step before the SMP can actuate
by returning to its undeﬂected state). However, there is research into SMPs with
reversible actuation [146,147]. It is also important to note that thermal-responsive
SMPs may exhibit especially dramatic changes in elastic modulus over their operational
temperature range (being softer above the transition temperature and harder below it).
The achievement of two-way actuation (continuous fully reversible actuation without
need of resets or programming steps) while maintaining the performance values
reported here would make SMPs an attractive material for use in robotics applications.
Alternatively, liquid crystal polymers that exhibit higher stress and yet maintain relatively
high strains and strain rates would also be good candidate materials.
A signiﬁcant advantage of the thermally active material is their simplicity and wide
variety of methods that may be employed to manufacture them consequently, especially
for SMPs. The one-way actuation of SMPs can be used to create robots that fold up from
planer two-dimensional sheets [158,168,169]. This is achieved by sandwiching a passive
structural material (that may have deﬁned hinge regions in addition to other features)

Thermal- responsive
shape memory
polymers

Actuator type
Thermotropic liquid
crystal polymers

Example
materials:
28–65 [1]
10–118 [213]

Transition
Temp (◦C)
Example
materials:
175 [188]
89–94 [23]
30–99 [184]
–

Eﬃciency (%)
LCEs: <5
(Carnot)
[206]

>10 [1]

Response
time (sec)
>10 [1]

50–800 [1,214]
Polyurethane:
>800 [217]

Strain (%)
19–400
[1,23,206]

Example
materials:
0.24–1.2
[215]

LCEs: 6–37
[206]

Strain rate
(%/sec)

0.1–10 [1]

Stress (MPa)
LCEs: 0.01–0.12
(typ)
0.45 (max) [206]

50–2000
[1, 213]

Work density
(kJ/m3)
3–56
[1,206]
Example
LCN:
9 [184]

Elasticmodulus
(MPa)
LCEs: 0.1–5
[29,206]
LCNs: 800–2000
[29]
Example materials:
100@25◦C 1@75◦C;
400@25◦C
30@60◦C;
2000@25◦C
10@100◦C; [216]

Table 3. Thermal-responsive polymer actuators. Material costs are approximate and based on pricing from commercial vendors.

Example
materials:
LDPE: 0.01
Viton: 0.1
PVC: 0.1
PVDF: 1
FEP: 1
PEEK: 1
Naﬁon: 10

Material
costs
(USD/
gram)
–
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Figure 42. Ionic electroactive polymer actuators: (a) Conductive polymers, (b) IPMCs, (c) CNTs.

Figure 43. Thermally activated polymer actuators: (a) thermotropic LCEs, (b) thermal-responsive
SMPs.

between two ‘programmed’ sheets of SMP. Commercially available PEEK sheet readily
shrinks up to 50% its original size upon heating above 160°C, as an example [158].
Removal of the SMP material from one side results in an asymmetric strain when the
composite is heated, causing the composite to bend as the SMP material shrinks [158].
This approach can leverage 2D techniques like milling and laser cutting to create a large
though limited range of complex 3D structures. This approach is similar to other
techniques commonly referred to as ‘4D printing’, where ﬂat printed structures reconﬁgure into the intended 3D design in response to stimulus such as heat. These
approaches are very convenient and can in fact achieve fairly intricate designs.
However, it should be noted that additional components such as secondary smart
polymeric actuator materials for actuation need to be incorporated into the designs,
since the function of the SMPs is strictly self-folding to achieve the ﬁnal design
conﬁguration.
Recently, a micro-projection stereolithographic 3D printing method was used to
fabricate shape memory polymers using photoinitiator and methacrylates to fabricate
liquid crystal copolymer networks [9]. The advantages of this technique are the high
resolution achievable (1 µm), quick processing time, and automated material exchange.
Additionally, the material properties of the resulting print are tailorable. Speciﬁc pieces
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included prints with a rubber modulus (100 MPa) capable of 300% max strain and
activation temperatures over a range from 50°C to 180°C [9]. However, this process
only demonstrated the 3D printing of one-way SMPs and the recovery time was on the
order of minutes.
One solution to printing reversible actuators utilizing SMP material is to print a
composite, using a second actuator such as a hydrogel in the programming step of
the SMP [10]. This was achieved using polyjet technology, which can print hydrogels and
SMPs using a inkjet to dispense photo-curable resins. Hydrogels can be inconvenient
and slow since hydration is the stimulus, but composites of SMPs and other materials
could result in other reversible actuators.

7.3. Light activated polymer actuators
Table 4 presents some reported values for the response time, strain rate, strain, work
density and elastic modulus for phototropic liquid crystal polymers and light-responsive
SMPs [163,198,218–221]. Light activated polymers are of special interest because they
can be remotely adressed and can therefore be used in untethered systems. Phototropic
liquid crystal polymers are exceptionally fast with a response time approaching milliseconds [1]. The combination of this with a large stroke when used as bending actuators
makes them especially atractive for high-speed applicaitons. Like thermotropic liquid
crystal elastomers however, they have a lower work density, and maximum stress output. Consequently they are not suitable for applications that require forceful actuation.
There are two kinds of light activated SMPs, as discussed in Section 4, light-triggered
thermal-responsive SMPs and light-responsive SMPs [219]. Table 3 applies to lighttriggered thermal-responsive SMPs. Table 4 only applies to light-responsive SMPs. The
key diﬀerence between light-triggered thermal-responsive SMPs and light-responsive
SMPs is that light-triggered thermal-responsive SMPs generally rely on a phase transitions whereas light-responsive SMPs rely on photo-induced cross-linking and cleaving
[163]. There are fewer examples of light-responsive SMPs and satisfactory performance
for use in robotics applications has not yet been demonstrated, as can be seen in Table
4. Light-triggered thermal-responsive SMPs have a higher work density and maximum
stress than phototropic liquid crystal polymers but both Light-triggered thermal-responsive SMPs and light-responsive SMPs also have a much slower response time. Also, light
activated SMPs are generally irreversible. Therefore, light activated SMPs are more
suitable for applications that require one-oﬀ more forceful actuation and are not suited
for applications that require rapid continuous actuation.
Phototropic liquid crystal polymers and light-responsive shape memory polymers are
more complicated to manufacture than thermal-responsivepolymers because additional
steps are required to make the liquid crystal polymers and shape memory polymers
responsive to light. This is acomplished by the inclusion of azobenzene dies in liquid
crystal polymers and the inclusion of cinnamylidene acetic acid (CAA) or cinnamic acid
(CA) groups in shape memory polymers [30,163].
A combination of spin-coating, ink-jet printing and micromachining has been successfully employed to fabricate artiﬁcial cilia using a phototropic LCN [6,30]. This approach
utilized a polyamide alignment layer and a surfactant to facilitate self-assembly of the
mesogens in the printed dispersions and used a radical initiator to maintain mesogen

Actuator type
Response time (sec)
Strain (%)
Strain rate (%/sec)
Light-responsive shape memory polymers Example material:
Example material: 4 [163]
Example material: 0.56 x 10-3 –1.1x10-3 [163]
3600–7200 [163]
Phototropic liquid crystal polymers
0.001–10 [1]
Example materials: LCE: 20 [1,227]
–
LCN: 0.1–4 [6]

Table 4. Light-responsive smart polymeric materials.
Elastic modulus
(MPa)
–
LCE: 0.1–5 [29,206]
LCN: 800–2000 [29]

Work density
(kJ/m3)
–
–
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alignment during polymerization [6,30]. The use of spin-coating and micromachining
restricts the achievable geometry and throughput and increases the cost of manufacturing. However the approach succeeds as a freeform fabrication method for a fast, highstroke, remotely-addressible, millimeter-scale to sub actuator.

8. Conclusions and future work
This review has speciﬁcally focused on active polymers and gels, fabrication methods
and motion control strategies for soft mechatronic devices. A special focus has been
given to freeform fabrication methods for on-demand fabrication of custom, monolithic
devices. The review of soft active materials in [1] oﬀers a much larger scope, considering
more materials but dedicating less treatment to each material individually. These
materials may have widely diﬀerent ideal applications because of the variety in their
material properties and performance characteristics. Other review articles are material
speciﬁc. There is limited prior literature that attempts to assemble information regarding
the mechanics, manufacturing and motion control of a variety of active polymers and
gels because of their potential for use in mm-scale to cm-scale soft mechatronics and
robotics applications and because of their potential for fabrication through freeform
fabrication methods. This review strives to give the reader a functional basis for working
with multiple active polymers and gels and freeform fabrication methods and conducts
side-by-side performance comparisons.
Polymeric and gel based soft mechatronic and robotic devices require fabrication
methods that can produce a large variety of shapes, are fast, inexpensive and have high
resolution and reliability. These devices also require active materials that have adequate
performance in terms of stroke, strain rate, achievable material stress and energy
requirements and have developed motion control strategies. There is still signiﬁcant
research to be done to understand and improve the performance of active polymers and
gels and to improve fabrication methods and motion control strategies. This review
especially compares the performance characteristics of active polymers and gels. A
complementary endeavor would be to analyze the performance requirements of potential applications of such active polymers and gels (as is done in [207]) at diﬀerent scales.
There are also signiﬁcant opportunities to improve the freeform fabrication of active
polymers and gels. For instance, research in additive manufacturing of IPMCs and related
ionic EAPs could consider alternative ionomeric and electrode materials and diﬀerent
additive manufacturing methods to decrease the cost, increase resolution and increase
throughput. Research might investigate new in situ functionalization techniques to
rapidly convert materials commonly printed through additive manufacturing (such as
polystyrene) to polyelectrolytes capable of functioning as ion-exchange membranes.
Additionally, use of precursor to ionomeric material (the approach in [8]) might be
extended to other additive manufacturing technologies capable of ﬁne resolution,
such as selective laser sintering and stereolithographic 3D printing. The time required
to print the structure in a precursor material and then subsequently functionalize it is
reduced for thinner structures, proportionally to the thickness. These eﬀorts could also
leverage alternative electrode materials such as conducting polymers that enable rapid
deposition of electrodes on ionomeric structures. This would provide a process by which
a variety of conventional additive manufacturing techniques and materials could be
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utilized to print precursor structures that could be rapidly functionalized and composited with electrodes, to create active monolithic soft structures.
Alternatively, another avenue of research would be to further develop freeform
fabrication methods for IPMCs that employ printable dispersions of ionomeric materials,
such as the method exhibited in [4] to demonstrate the fabrication of custom shapes
and reduce the drying time. This would also allow for the printing of the electrode
material. It would also be worthwhile to further develop freeform fabrication methods
for conjugated polymers and liquid crystal polymers, since conjugated polymers have
the highest work density of the reversible active polymers considered and liquid crystal
polymers exhibit the highest strain and strain rate of the active polymers considered, do
not require electrodes and can be remotely actuated.
Ultimately, research into freeform fabrication of active polymers and gels should aim
at low cost, high resolution and high throughput fabrication methods. This will enable
rapid prototyping and on-site fabrication of soft active monolithic mechatronic and
robotic devices.
In addition to freeform fabrication of active polymers and gels, eﬀective motion
control is another ongoing challenge. In general, all active polymers and gels are subject
to changing dynamics and environmental sensitivity and are diﬃcult to integrate with
accurate and reliable sensors. This makes precision motion control challenging without
resorting to extrinsic sensors, such as cameras and laser displacement sensors. Therefore,
there is value in investigating and reducing the sensitivity of active polymers and gels to
environmental conditions and in improving the sensing capabilities of active polymers
and gels. In some applications of soft active polymers and gels, precision control might
be unnecessary. None-the-less, it may still be desirable to make the best use of available
sensor data and to choose eﬀective control policies in spite of uncertainty. There is,
therefore, value in motion control strategies that address signiﬁcant uncertainty in
sensor data and model dynamics.
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