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ABSTRACT: This article reviews several classes of compliant materials that can be utilized to fabricate electronic muscles 

and skins. Different classes of materials range from compliant conductors, semiconductors, to dielectrics, all of which play 

a vital and cohesive role in the development of next generation electronics. This Review covers recent advances in the 

development of new materials, as well as the engineering of well-characterized materials for the repurposing in applications 

of flexible and stretchable electronics. In addition to compliant materials, this Review further discusses the use of these 

materials for integrated systems to develop soft sensors and actuators. These new materials and new devices pave the way 

for a new generation of electronics that will change the way we see and interact with our devices for the decades to come. 
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1. Introduction 

As a species, we collectively as mankind have always been 

simultaneously fascinated and terrified of the unknown. In 

particular, the idea of either the absence or presence of a 

higher power, other sentient beings, or creatures of higher 

intelligence than us can elicit emotions ranging from 

euphoria, to confusion, to terror. Perhaps in part to 

mitigate this fear of the unknown, or perhaps to elevate the 

stature of humankind, work steadily progressed in 

developing forms of artificial intelligence (AI) due to, as 

writer Pamela McCorduck wrote, “an ancient wish to forge 

the gods.1” The integration of this abstract concept of 

artificial thinking to functioning autonomous machines 

manifested physically in the development of humanoid 

machines. In 1928, this intersection of artificial thinking 

and autonomous machinery culminated in the 

development of one of the first humanoid robots, Eric 

Robot, who was capable of head and hand movements 

through remote or voice control.2 Navigating 

chronologically through the years, our fascination with 

these artificial beings never waned, with increasingly 

sophisticated and complex systems portrayed in science 

fiction, from the beloved duo C-3PO and R2D2, to 

Terminator, to the all-mighty Optimus Prime. 

However, the transition from the reality posited by writers 

of science fiction to a functional reality poses several 

technological challenges. Though the ‘artificial’ in these 

artificial beings inherently implies a deviation from realism, 

the increasingly sophisticated and complex systems being 

developed in real life mandate increasingly sophisticated 

and complex capabilities approaching the organic 

equivalent. Key amongst the organic equivalents that 

researchers strive for are the sensory perceptions afforded 

by human skin, and the range and type of motion made 

possible by living muscle.  

To emulate the properties of human skin, electronic skins 

have been developed and heavily researched with the 

advent of wearable electronics. In an attempt to mimic the 

sensory functions of their organic counterparts, significant 

work has been reported in developing electronics skins 

with capabilities conducive to this end such as pressure3–8 

and temperature sensors.9–12 As the future of electronic 

devices continued to trend towards mobile and wearable 

electronics, these artificial skins were augmented with 

progressively complex attributes such as touch sensing,13,14 

gas sensing,15–17 and bio-sensing.18–20 By combining these 

additional sensing modalities in conjunction with the 

properties inherently associated with skin such as 

flexibility,21–23 stretchability,24–26 and self-healing,27,28 the 

world of electronics is positioned to experience a paradigm 

shift in coming decades.  

In line with asymptotically approaching behavior 

representative of the human body, technological advances 



 

have come about in recent years to mimic the movement 

of human muscles. Salient properties to emulate to enable 

the functionality of real muscle include maintaining the 

energy density of muscle, the capability of withstanding 

high strains, ability to store and recuperate energy, high 

power-to-weight ratio, and the ability to perform natural 

motion patterns.29–32 Electroactive polymers pose one such 

possibility in approaching the properties of real muscles, 

and due to their inherent material characteristics, have 

garnered the title “artificial muscle.”32 These electronic 

muscles respond to electric fields by generating 

mechanical motion, and are inherently lightweight, 

inexpensive, and compliant.32–34 

Continual progress into these electronic skins and muscles 

has the potential to bring about radical changes and 

unprecedented new applications to a myriad of different 

industries. The development of self-aware, autonomous 

robots with human-like movement and sensing 

capabilities has unparalleled significance in fields of 

medicine and diagnostics, law enforcement, and 

manufacturing, to name a few. Even minor advancements 

towards this end have the capability of improving 

diagnostics,35,36 enabling continuous real-time health care 

monitoring,21,35,37,38 and developing humanoid robots to 

accomplish simple tasks.39,40 A timeline of important 

events in the history of robotics is illustrated in Figure 1. 

To realize these potential applications and open up the 

realm of possibilities, these flexible and stretchable 

electronic devices have been fabricated through several 

various methods. These methods can be generally grouped 

into two categories: engineered structures such as 

nanoscale ribbons41,42 or amalgamating discrete rigid 

components with an elastomeric junction43–45 designed to 

synthetically introduce a certain degree of stretchability, or; 

the use of intrinsically stretchable materials to form 

integrated systems.46–48 The former leverages well 

established materials such as silicon and metals to induce 

small-strain deformability through thin or wavy structures 

to withstand with the large-strain deformation in the 

elastomeric junctions, while the latter involves 

synthesizing new materials that are inherently compliant 

and can retain critical electronic properties while 

undergoing large-strain elongations. Within the category 

of intrinsically stretchable materials, a distinction is 

further made between materials who by themselves 

possess an innate capacity to be stretched while possessing 

any required additional properties such as conductivity or 

semiconductivity, and composite stretchable materials 

which leverage unique properties from individual 

materials to form useful stretchable electronic materials. 

Though in the strictest of definitions these composites are 

not fully ‘intrinsically’ stretchable on 



 

Figure 1: A timeline of important events in the history of robotics, leading to the modern day development of electronic skins and 
actuators. 

the molecular level, they are, on a macroscopic scale, 

“uniformly “stretchable, and for this Review, are grouped 

together with intrinsically stretchable materials. The scope 

of this Review will be limited to these two classes of 

intrinsically stretchable materials. In the first portion of 

this review, different classes of intrinsically compliant 

materials used to fabricate electronic devices will be 

discussed at length, including conductors, dielectrics, 

semiconductors, and electroactive polymers. The second 

portion of the Review will focus on the integration of these 

various classes of materials for electronic skins and 

muscles.  

2. Materials 

The development of wearable electronics has pushed 

researchers to develop new materials that can 

accommodate the additional dimensionality of flexibility 

and stretchability. In some cases, previously studied 

materials were applied or studied more in depth to serve as 

components for these new electronic devices. In other 

cases, composite systems were developed to meet the ever-

changing needs and requirements of these new systems. 

This section of the Review analyzes these different 

materials and their ability to meet the performance 

requirements mandated by electronic skins and muscles. 

Though flexible materials will be introduced, the bulk of 

this section will focus on stretchable materials and 

composites.  

2.1. Compliant conductors 

In contrast to the relatively new field of stretchable 

electronics, stretchable, and by default, flexible conductors 

have been explored for a more extensive period of time.49 

Though stretchable conductors can trace their origins to 

nanostructures engineered to be able to withstand 

strains,49,50 intrinsically compliant conductors have been 

researched and developed in more recent years.  

Optoelectronic applications have been a driving force for 

the development of not only mechanically compliant 

electrodes, but transparent compliant electrodes to replace 

the commonly used indium tin oxide (ITO). Applications 

of optoelectronic devices for electronic skin purposes 

include the use of organic light emitting diodes (OLEDs) 

for instantaneous readouts and displays,51,52 and organic 

photovoltaics (OPVs) for lightweight and mechanically 

resilient power sources.53,54 One approach widely used is 

the fabrication of composite hybrid materials comprising 

conductive materials and a soft matrix. For the simplest 

compliant electrodes a conductive medium can be 

deposited on a substrate with the desired mechanical 



 

properties. With this method, Yu et al. fabricated carbon 

nanotube (CNT) flexible electrodes by transferring a film 

of CNTs from a porous alumina filter paper onto a 

polyethylene terephthalate (PET) substrate.55,56 The 

resulting transparent conductive electrode (TCE) 

exhibited performance metrics verifying its efficacy as a 

flexible electrode: a sheet resistance of 500 ohm/sq. was 

observed with a transparency of 85% in the visible 

spectrum;55 and bending the TCE to a 12.5 mm radius was 

observed to negligibly change the sheet resistance.56  

However, while these compliant electrodes may serve as a 

proof-of-concept of the efficacy of depositing a composite 

medium on a flexible substrate, several limitations persist, 

specifically for OLED applications. CNT networks 

inherently have a high resistance, which, when considering 

the 10 ohm/sq. sheet resistance at 85% transparency 

commonly used for OLED applications, serves to be a large 

barrier for adaptation of this technology. From a 

morphological point of view, the thickness of the CNT 

network on a polymer substrate may be on the same order 

of magnitude of thickness as the total active material for 

the OLED. As a result, significant shorting between the 

anode and cathode often arises, physically manifesting in a 

lower luminance and reduced current efficacy.  

Silver nanowires (AgNW) may be an attractive alternative 

to CNTs using the same technology, and in recent years, 

have risen to the forefront as one of the more promising 

alternatives to replace ITO.57,58 The high conductivity of 

these nanowire networks in conjunction with the large 

open area between individual nanowires for high 

transparency allows these electrodes to function well as 

transparent conductors. With regards to mechanical 

properties, the choice of the underlying substrate and 

fabrication processes can tailor the properties of the 

electrode for the desired application. To address the issue 

of high surface roughness when depositing nanowires on a 

polymer substrate, the Pei group explored embedding the 

nanowires within a polymer matrix.59–62 Briefly, the silver 

nanowires are coated from solution onto a release 

substrate. Due to the porous nature of the resulting 

network formed, a bifunctional monomer with 

photoinitiator or soluble polymer overcoated on top of the 

AgNW network can infiltrate the network and come in 

contact with the underlying substrate.59,62 After UV 

irradiation or drying of the electrode to drive off solvent, a 

freestanding film with the AgNW network embedded 

within a polymer matrix can be peeled off. Because the 

monomer or polymer ink is able to contact the underlying 

release substrate, the freestanding electrode inherits the 

surface topography of the release substrate, resulting in the 

formation of surfaces with a surface roughness (RRMS) < 1 

nm, a value lower than that observed in ITO. Atomic force 

microscopy (AFM) images of ITO, AgNWs coated directly 

on a polymer substrate, and AgNWs embedded within a 

polymer matrix are illustrated in Figure 2a, Figure 2b, and 

Figure 2c.63 This reduction in the surface roughness of 

electrodes mitigates the issue of shorting between 

electrodes in OLEDs to enable the fabrication of high 



 

efficiency devices.   

 
Figure 2: (a) AFM image of ITO sputtered on a polymer 
substrate. (b) AFM image of AgNWs coated on a polymer 
substrate, highlighting the roughness of non-embedded 
AgNWs. (c) AFM image of AgNWs embedded within a 
polymer matrix, demonstrating the low roughness that can be 
achieved with embedded AgNWs, necessary for certain 
applications. Adapted and reproduced with permission from 
ref.[63], licensed under 
https://creativecommons.org/licenses/by/3.0/. 

 

A variety of different polymer matrices can be utilized for 

various functionalities. Using a blend of acrylates, 

ethoxylated (3) trimethylolpropane triacrylate, ethoxylated 

(6) bisphenol A dimethacrylate, and Tris (2-hydroxy ethyl) 

isocyanurate triacrylate to impart both mechanical 

flexibility and thermal resistance up to 200 °C, Li et al. 

demonstrated an transparent AgNW conductor capable of 

withstanding bending at a 4 mm radius for 1000 cycles 

while maintaining a sheet resistance of 25 ohm/sq. at 87% 

transparency.64 Chen et al. further increased the 

temperature the electrode could withstand to 300 °C for six 

hours by embedding ZnO-coated (deposited with atomic 

layer deposition (ALD) AgNWs nanowires within a 

colorless, transparent polyimide,62 with a similar work 

completed by Spechler et al. using sol-gel processed metal 

oxides on AgNWs to achieve the same goal.65 

Several other capabilities can be endowed upon the AgNW 

conductors besides high transparency and conductivity, 

flexibility, and thermal resistance. To impart stretchability 

upon the electrodes, Hu et al. used an elastomeric 

polyurethane (PU) matrix to transfer the silver 

nanowires.66 A schematic of the fabrication of such a 

stretchable electrode is provided in Figure 3. The use of 

the elastomeric matrix was not observed to degrade the 

optoelectronic properties, with the freestanding electrode 

having performance metrics of 8 ohm/sq. at 75% 

transparency, while allowing the electrode to reversibly 

stretch up to 170% strain.66  

  

Figure 3: Schematic of the fabrication of one type of 
freestanding, composite stretchable electrode. 

 
To make stretchable AgNW conductors with shape 

memory characteristics, Yun et al. embedded the 

nanowires within a copolymer of tert-butyl acrylate (TBA) 

and acrylic acid (AA).67 The use of TBA enabled the shape-

memory characteristics of the electrode as it is a bistable 

(a) 

(b) 

(c) 



 

electroactive polymer (BSEP), which combines the 

properties of shape memory polymers and dielectric 

elastomers. Further discussion of electroactive polymers 

will proceed in later sections. However, as the embedded 

nanowire conductors are hybrid materials, the electrically 

conductive component and mechanically compliant 

component require compatibility with each other; TBA, 

while exhibiting shape memory characteristics, has poor 

interfacial bonding with the nanowires due to its 

hydrophobicity, leading to incomplete transfer of the silver 

nanowires. The addition of the hydrophilic AA was found 

to increase bonding between the conductive component 

and polymer matrix via the carboxylic acid group, 

minimizing the rate of increase of resistance when 

stretched. The optical concentration of AA was determined 

through a balance between strengthening bonding 

between the two components, and increasing the glass 

transition temperature (Tg) with increasing values of AA.67 

The high Tg with increasing AA increases the actuation 

temperature of the BSEP, leading to high power 

consumption when used for shape memory applications. 

Figure 4 illustrates the effect of AA concentration on the 

sheet resistance of the AgNW electrodes when subjected 

to uniaxial strain (Figure 4a) and cyclical loadings (Figure 

4b).67 It was observed that the addition of 5% AA was 

optimal in limiting the increase in sheet resistance upon 

both uniaxial and cyclical stretching. At this concentration, 

the nanowire electrode was able to recover 98% of sheet 

resistance change upon removal of the external load at 30% 

strain, 95% at 70% strain, and 90% and 90% strain.67  

Self-healing AgNW conductors14,27,68 have also been 

developed as healable electronics have becoming more 

intensely researched.69–73 Before discussing these nanowire 

conductors however, it is pertinent to first discuss the self-

healing mechanism. The self-healing 

 

Figure 4: (a) Sheet resistance as a function of strain for a 
stretchable AgNW-TBA/AA composite electrode for various 
concentrations of AA. (b) Sheet resistance as a function of 
time for a stretchable AgNW composite during 10 cycles of 
loading of 0-50% strain at a constant strain rate of 0.005 /s. 
Reprinted with permission from ref.[67]. Copyright {2012} 
Wiley-VCH.  

 

ability of polymeric composites can be segregated into two 

categories: (1) extrinsic self-healing achieved through 

intentionally embedded healing agents;28,72 and (2) 

intrinsic self-healing accomplished through polymers 

containing dynamic bonds.28,73–75 Regarding the latter, 

dynamic bonds can be defined as bonds capable of 

undergoing reversible breaking and reformation, and can 

also be broken down into two categories: supramolecular 

interactions; and dynamic covalent bonds.74 Looking at the 

latter, dynamic covalent bonds can break and reform with 

irreversible side reactions, with access to these dynamic 

characteristics quickly occurring only upon exposure to 

specific external factors.74,75 For the former, the relatively 

weak dynamic process exists in continuous equilibrium, 

(b) (a) 



 

and as a result, are susceptible to various external 

conditions, allowing them to form dynamic materials 

responsive to a variety of stimuli.74  

Williams et al. reported one of the first conductive 

thermal-healing composite using dynamic covalent 

bonds.28,76 As seen in Figure 5a, a conductive polymer 

composite with reversible bonds was synthesized by 

bonding N-hetero-cyclic carbenes (NHCs) with transition 

metals, both conductive and structurally dynamic 

components.76 Figure 5b demonstrates a schematic of the 

operation of the self-healing material; a film with an 

externally applied crack to disrupt the electrical network 

can be healed at 200 °C as a result of the dynamic feature 

of the complex at elevated tempreatures.76 

However, the aforementioned self-healing conductor 

suffered from an intrinsically low conductivity and the 

necessity of high temperatures. To ameliorate these 

shortcomings, the Bao group reported the first room-

temperature self-healing composite exhibiting 

conductivities as high as 40 S/cm, sufficient for self-healing 

electrodes and tactile sensors.69 The self-healing conductor 

was synthesized using a supramolecular polymeric 

hydrogen-bonding network with Tg below room 

temperature, with micro-nickel particles providing the 

conductivity, as illustrated in the schematic in Figure 6.69 

These hydrogen bonds preferentially break during 

mechanical disruption, and due to the large number of 

these bonds, the polymer can dynamically associate to self-

heal at the surface at room temperatures.69,77–79 Due to the 

tendency for nickel particles to form a thin oxide layer on 

the surface, the conductive fillers can form hydrogen 

bonding with the polymer network. The resulting self-

healing composite demonstrated a reversion to 90% of its 

original electrical performance 15 seconds after being 

mechanically damaged.69 

For optoelectronic applications, Li et al. reported the first 

self-healing, elastomeric transparent conductor using a 

Diels-Alder (DA) cycloaddition polymer in conjunction 

with AgNWs and poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS).27 The transparent 

elastomeric polymer was synthesized through a reversible 

DA cycloaddition reaction of a monomer with four furan 

groups (FGEEDR)68 with two maleimides,80,81 as shown in 

Figure 7a. To form the composite conductor, AgNWs were 

deposited on a release glass substrate, followed by spin-

coating a solution of PEDOT:PSS and a flurosurfactant, 

with the resulting film transferred into the surface of the 

DA polymer  

The use of PEDOT:PSS allows the sheet resistance to 

remain low for optimal optoelectronic performance. While 

the AgNW network remains ‘locked’ on the release glass 

substrate, when transferred with the DA pre-polymer, the 

nanowires may redistribute in the low viscosity ink during 

the six-hour time frame required for polymerization. The 

use of PEDOT confines the nanowires to the surface of the 

DA polymer, resulting in a sheet resistance of 15 ohm/sq. 

With the nanowires locked in the top surface of the DA 

polymer, the composite conductor was able to recover a 

significant portion of the electrical performance after 

razor-blade cutting the electrical surface. Figure 7b 



 

illustrates the evolution of resistance as a function of time 

after cutting the AgNW free-standing film and allowing it 

to self-heal through thermal treatment.27 It was observed 

that the healing temperature of 100 °C enabled the 

originally 15 ohm/sq electrode to recover to 18 ohm/sq after 

3 minutes, while annealing at 85 °C and 70 °C recovered to 

19 ohm/sq. after 5 min and 20 ohm/sq. after 8 min, 

respectively. Figure 7c illustrates the mechanical 

robustness of the composite film after self-healing. When 

a composite film originally at 15 ohm/sq. was allowed to 

recover its resistance to 18 ohm/sq., the resulting electrical 

performance was comparable to a composite film not 

mechanically damaged at all. Though the razor-blade 

damaged film exhibited higher resistances than the fresh 

film at high strains, the difference between the two films 

were comparable up to around 50% strain. This proof-of-

concept of elastomeric transparent self-healing electrodes 

could help pave the way for mechanically robust, self-

healing electronic skins. 

While the aforementioned discussion focused largely in 

part on the use of composite conductors based on AgNWs 

for optoelectronic applications, the field of intrinsically 

compliant conductors has a significantly broader scope. In 

some cases, previously characterized materials were 

repurposed for new applications. One such material is 

what is colloquially known today as liquid, or amorphous 

metal. The initiation of liquid metal research began with 

the reports of the vitrification of a liquid gold-silicon 

alloy,82 and since its initial conception, have been 

developed primarily for structural applications due to 

intrinsic properties such as higher tensile and elastic 

strains in contrast to their polycrystalline metal alloy 

counterparts.83,84 In recent years, another facet has been 

introduced to this technology, with the amorphous metal 

being used in its liquid state to provide an intrinsically 

stretchable conductor. The Dickey group has 

demonstrated several examples of using a eutectic gallium 

indium (EGaIn) in a microfluidic channel as stretchable 

conductors for various applications.85–88 

The fabrication of these liquid metal conductors consists 

typically of injection of the liquid metal into an elastomeric 

microchannel. As an illustration, Kim et al. fabricated a 

polydimethylsiloxane (PDMS) microchannel, as illustrated 

in Figure 8a.89 Briefly, a PDMS base layer was defined from 

standard lithography procedures on a silicon wafer. After 

deposition of a gold wetting layer for the subsequent liquid 

metal insertion, and removal of the gold from select 

regions of the mold, a second PDMS layer with both inlet 

and outlet holes for tubing is attached to the base PDMS 

layer. The base layer with a gold wetting buffer is then filled 

with room-temperature EGaIn (gallium:indium = 75.5:24.5) 

before introduction of a top capping PDMS layer. Optical 

images of the microchannel at various stages of the 

fabrication process are illustrated in Figure 8b.89 

Using a similar method, Park et al. injected EGaIn in 

interconnected channels of plasma-treated 3D porous 

PDMS.90 The observed conductivity of the intrinsically 

stretchable conductor was 24,100 S/cm, on par with the  



 

 

Figure 5: (a) Dynamic equilibrium between a monomer (left) and organometallic polymer (right). (b) Operation of a self-
healing material controlled through an external stimulus such as heat. Adapted and reproduced with permission from 
ref.[76]. Copyright {2007} The Royal Society.   

 

Figure 6: Illustration of the self-healing composite. Pink lines denote the linear and branched polymers forming the randomly 
branched network, while blue and purple shapes represent urea groups at the end of the branched polymers responsible for the 
primary hydrogen bonds between polymer chains. Adapted and reproduced with permission from ref.[69]. Copyright {2012} Nature 
Publishing Group. 

 

Figure 7: (a) Synthesis of the DA copolymer elastomer. (b) Resistance as a function of time for the composite electrodes during 
the healing process at 100, 85, and 70 °C. (c) Resistance as a function of strain of a fresh and healed electrode. Adapted and 
reproduced with permission from ref.[27]. Copyright {2015} American Chemical Society.  

(a) 

(b) (c) 

(a) 
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intrinsic conductivity of the liquid metal itself. 

Furthermore, no degradation in conductivity was 

observed upon application of uniaxial stress, due to the 

ability of the liquid phase EGaIn to conform to the form 

factor of the PDMS, as seen in Figure 9a. The stretchable 

conductor also performed well under cyclical testing,  

 

Figure 8: (a) Fabrication sequence of a linear stretchable 
interconnect. (b) Optical images of (i) gold-coated base 
layer; (ii) substrate after removal of gold film from regions of 
the top surface; (iii) microchannel filled with EGaIn. 
Reprinted with permission from ref.[89]. Copyright {2008} 
American Institute of Physics. 

 

maintaining its conductivity over 10,000 cycles of 90% 

strain (Figure 9b). PEDOT:PSS represents another well-

characterized material that has found applications in 

stretchable electronics. Previously, the use of PEDOT:PSS 

as a binding agent to prevent the migration of nanowires 

was discussed for self-healing, elastomeric AgNW 

conductors.27 However, PEDOT:PSS has also been 

demonstrated to function itself as the conducting 

medium in stretchable conductors, as opposed to a 

serving in an auxiliary capacity.91–95 This conducting 

polymer has been widely used in a variety of applications 

including OLEDs96–98 and OPVs99–101 due to its high 

conductivity in its doped state and its stability. In its most 

common form, PEDOT is doped with 

poly(styrenesulfonic acid) (PSS), which allows the 

conductive polymer to be dispersed in an aqueous 

solution, and modulates of the resulting conductivity of 

PEDOT:PSS. One of the most widely used forms of 

PEDOT, Clevios PH 1000 has a reported conductivity of 

850 S/cm with the addition of dimethylsulfoxide (DMSO), 

which is able to increase the conductivity by 2-3 orders of 

magnitude.91,102 Xia et al. also demonstrated significant 

increases in conductivity for PEDOT:PSS by preferential 

solvation of PEDOT:PSS with a cosolvent.103 

 

 

Figure 9: (a) Conductivity of the stretchable conductor as a 
function of strain, demonstrating the mechanical 

(b) 

(a) 

(b) 

(a) 



 

compliancy of the conductor. (b) Conductivity of the 
stretchable conductor as a function of stretching cycles, 
indicating its stability to repeated deformation. Adapted and 
reproduced with permission from ref.[90]. Copyright {2012} 
Nature Publishing Group. 

 

However the intrinsic conductivity of PEDOT:PSS is 

prohibitively low for certain applications, and though 

PEDOT:PSS posses better mechanical properties than 

traditional conductors due to its polymeric nature, dried 

films are still readily broken during mechanical stressing 

due to its hard segments.94,104 To fabricate a highly elastic 

conductive polymer, Hansen et al. blended a 

polyurethane (PU) elastomer with PEDOT to form an 

composite with an initial high conductivity of 100 S/cm.95 

The PEDOT/PU film increased in resistance by a factor of 

2 at an initial 50% strain, but negligible further increases 

in resistance in following cycles. Vosgueritchian et al. 

enhanced the conductivity while maintaining the 

elastomeric properties by adding a fluorosurfactant, 

Zonyl-FS300 to PEDOT:PSS/DMSO.91 In addition to the 

35% increase in conductivity, the addition of the 

fluorosurfactant allowed the conductive polymer to wet 

the surfaces of hydrophobic films. Furthermore, aside 

from merely the high conductivity with the addition of 

Zonyl, Savagatrup et al. demonstrated the addition of the 

fluorosurfactant was simultaneously able to improve the 

mechanical compliance of the PEDOT:PSS film.105 For 

optoelectronic properties, Kim et al. reported that the 

addition of N,N-dimethylacetamide (DMAc) maintained 

the electrical performance of the PEDOT films while 

increasing light transmittance.106 Typically, these PEDOT 

based elastomeric conductors can be subjected to 50% 

strain with negligible decrease of conductivity, and 

approach 200% strain before fracture.28,91,95 

The stretchability of graphene has also been investigated 

by several groups107–109 due to its well characterized 

electrical and mechanical properties.110,111 Kim et al. used 

chemical vapor deposition (CVD) to grow graphene on a 

nickel substrate, and transferred the film to a PDMS 

substrate.112 With this method, a sheet resistance of 280 

ohm/sq. was achieved, and recoverable conductivity at 

tensile strains up to 6% was observed. However, further 

stretching resulted in catastrophic mechanical failure of 

the stretchable conductor. While this work served as a 

proof of concept of the efficacy of graphene to serve as a 

compliant conductor, it also highlighted some intrinsic 

limitations of the use of graphene. Though the 

theoretical sheet resistance of pristine graphene has been 

estimated to be as low as 30 ohm/sq.,113 the difficulty in 

pristine graphene has resulted in high experimental sheet 

resistances on the order of 1 kohm/sq.108,114 Furthermore, 

while graphene exhibits remarkable mechanical 

properties, the high elastic modulus113,115 inherently limits 

the strain the film can be subjected to without 

degradation of its electrical properties.  

To overcome these shortcomings, hybrid composites 

based on graphene have been developed for electronic 

skin applications.108,116,117 Xu et al. chemically reduced 

silver nanoparticles on continuous graphene fibers to 

increase the conductivity by 330% compared to non-

doped graphene fibers.116 Chen et al.  fabricated a 



 

graphene foam (GF) by growing graphene on a nickel 

foam, depositing a layer of poly(methyl methacrylate) 

(PMMA) on the surface of graphene to provide 

mechanical support, etching away the nickel skeleton, 

dissolving the PMMA layer, and infiltrating the graphene 

skeleton with PDMS. The schematic of the fabrication 

procedure is illustrated in Figure 10.117 With this process, 

the electrical conductivity was enhanced 6 orders of 

magnitude when compared to chemically derived 

graphene-based composites, and increased only 30% in 

resistance under 50% stretching. 

 

Figure 10: Fabrication of GF (i) Nickel foam (ii) CVD 
growth of graphene on Ni foam (iii) PMMA coated on 
graphene film (iv) GF coated with PMMA after etching Ni 
foam with FeCl3/HCl solution (v) freestanding GF after 
dissolving PMMA with acetone (vi) Infiltration of GF with 
PDMS for elastomeric conductor. Adapted and reproduced 
with permission from ref.[117]. Copyright {2011} Nature 
Publishing Group. 

Lee et al. reported graphene and silver nanowire hybrid 

conductors for high conductivity, transparent, 

stretchable electrodes.108 By comparing the resistance of 

the hybrid conductor, it was observed that the sheet 

resistance of the hybrid was lower than the sheet 

resistance of the two individual components in parallel, 

complimentarily improving their own conductances. The 

cohabitation of these two conducting materials serve to 

mitigate each others’ limitations; the AgNWs can bridge 

the defects of the polycrystalline graphene, while 

graphene can occupy the void spaces of the AgNW 

network. When transferred on to a PDMS elastomeric 

substrate, negligible resistance change was observed up 

to 100% tensile strain,108 a significant improvement to the 

6% strain achievable with pristine graphene on PDMS.112  

For more niche applications, Keplinger et al. developed 

stretchable, transparent ionic conductors for high 

voltage, high frequency, and stretchable applications.118 

The design of the ionic conductor is based on two 

electrodes, and ionic conductor, and a dielectric, with the 

electrode/electrolyte interface forming an electrical 

double layer. This electrical double layer in conjunction 

with the dielectric act as two capacitors in series, allowing 

the control of electrochemical reaction and 

electromechanical transduction.118 The stretchable ionic 

conductor was fabricated in a transparent loudspeaker as 

a proof of concept, and demonstrated large strains and 

production of sound over the entire audible range. 

Furthermore though higher resistivities are observed 

when compared to electronic conductors, a lower sheet 

resistance than all existing electronic conductors was 

demonstrated under large strains.118 More applications 

using ionic gels will be elucidated upon in the following 

section. 

The aforementioned materials represent different 

intrinsically compliant conductors. In some cases, the 

inherent properties of individual materials enable their 

use in flexible or stretchable electronics. Others require 



 

integration within composite materials to endow the 

properties required for their desired application. With 

the large variety of materials to choose from, compliant 

conductors can be tailored for specific use in a multitude 

of different electronic muscle and skin applications.  

2.2. Compliant semiconductors 

Since the advent of what is regarded as the first transistor 

in 1947,119 semiconductors have been ubiquitous in all 

electronic devices. Similarly, organic semiconductors 

have been the building blocks of organic electronics. 

Though these organic semiconductors are generally 

flexible,120–127 their intrinsic stretchability is limited, due 

in part to the difficulty of retaining the high mobility in 

the π-π stacking charge transport network under 

strain.28 Few reports, however, have indeed been 

conducted. Lipomi et al. reported the ability of poly(3-

hexylthiophene) (P3HT) to stretch 2% when blended 

with (6,6)-phenyl C63 butyric acid methyl ester 

(PCBPM).128 Savagatrup et al. built on this work by 

demonstrating that when the length of the side chain of 

P3HT was increased from six to seven carbon atoms 

(poly(3-heptylthiophene) (P3HpT), and blended with 

PCBM in a 1:1 ratio, the mechanical properties were 

enhanced while the electrical performance approached 

that of neat P3HT.129 Graphene was previously discussed 

as a conductor capable of withstand a 6% tensile strain 

when used as a conductor.112 Lee et al. reported a similar 

strain when graphene was used as the semiconducting 

channel in a stretchable transistor.107 Liang et al. reported 

the use of a yellow light emitting polymer (SuperYellow) 

in an elastomeric polymer light emitting electrochemical 

cell (PLEC), citing the high molecular weight of 

SuperYellow to aid in large-strain stretchability.130 

However, though the device remained lit at a strain of 

120%, the luminance was observed to decrease by over 

80%.  

Due to the relatively low strains achievable with 

individual semiconducting materials, a more prudent 

approach is to develop hybrid materials comprising 

semiconductors and elastic matrices. As an example of 

the efficacy of this method, the relatively unstretchable 

P3HT discussed previously were assembled in nanowires 

and blended in a PDMS matrix.131 Unstretched, the 

resulting composite semiconductor exhibited 

comparable electrical performance to a homo-P3HT 

(unblended) nanowire organic channel when fabricated 

in a thin film transistor (TFT) with a bottom-contact 

configuration. To verify the semiconducting properties of 

the blended P3HT under strain, the active material was 

stretched, and contacted with SiO2/Si substrates with 

pre-patterned source drain electrodes.131 With this 

method, illustrated in Figure 11a, the mecho-electrical 

properties of the P3HT could be selectively analyzed 

without external influence from stretching either the 

electrode or dielectric layers.131,132 The bottom-gate 

devices (Figure 11b) were characterized at strains from 0-

100%, with the resulting average mobility plotted as a 

function of strain (Figure 11c).131 While both homo- and 

blended-P3HT showed a significant initial drop in 

mobility up to 20% strain, the blended-P3HT based TFTs 



 

exhibited stable mobilities at higher strains up to 100%, 

whereas most homo-P3HT based TFTs were non-

functioning at the same strain. Similar characteristics 

were observed under cyclical strain testing, with the 

mobility relatively unchanged for the blended-P3HT 

devices after 5000 stretching cycles at 100%, but non-

functioning for the homo-P3HT devices. AFM phase 

images were taken to examine morphological differences 

between the two P3HT behaviors under strain. The 

significant drop in mobility observed in both samples up 

to 20% was attributed to the rigidity of the P3HT 

homopolymer, fracturing the nanowires at low 

strains.131,133,134 However, though the breaking of the P3HT 

nanowires in both systems along the stretching direction 

caused an initial drop in conductivity, a majority of the 

nanowires remained in a network in the PDMS blend 

under strain, whereas irreparable cracks formed in the 

homo-P3HT blend.  

Similar to the P3HT / PDMS semiconductor blend, CNTs 

used in conjunction with an elastomeric matrix exhibit 

good mechanical135,136 and current modulating 

properties,137,138 and are amongst the leading materials 

used for stretchable semiconductors.139–142 However, 

though individual semiconducting CNTs can have 

mobilities exceeding those of silicon, devices based on 

these nanotubes suffer from poor performance due in 

part to poor uniformity of the nanotubes.143–145 Instead, 

random networks and films of nanotubes have resulted 

in more reliable performance and higher yields due to 

facile processing and their applications in deformable 

electronics.145–147 Chortos et al. sprayed a network of CNTs 

as the active layer in a bottom gate, top contact device 

with resulting mobility of 0.18 + 0.03 cm2V-1s-1.148 When 

the nanotube based TFT was stretched by 100%, the on 

current was observed to decrease by 50%.148 

Figure 11: P3HT blends under strain (a) Schematic 
illustration of the process used to measure electrical 
properties of the organic TFTs (b) Optical image of the 
bottom-contact TFTs (c) Strain dependence of the homo-
P3HT and 10 wt% P3HT-blend TFT. Inset shows the 
electrical characteristics of the device with repeated 
stretching cycles at 100% strain. Adapted and reproduced 
with permission from ref.[131]. Copyright {2012} Wiley-VCH.  

 

Son et al. functionalized the surface of a substrate with 

poyl-L-lysine to form an amine-terminated surface, and 

formed random networks of SWCNTs by dip-coating 

(a) 

(b) 

(c) 



 

them into a solution of 99.9% semiconductive single 

walled carbon nanotubes (SWCNTs).142 With these 

nanotubes, a mobility of ~5 cm2V-1s=1 was realized in the 

fabrication of charge-trap floating-gate memory units 

and logic gates.142 Using the same SWCNTs, Liang et al. 

used the 99+% (SWCNT) ink mixed with a 

fluorosurfactant and propylene glycol as an active 

channel deposited on pre-patterned AgNW source drain 

electrodes embedded in a polyurethane substrate.46 The 

mobility of resulting devices was ~30 cm2V-1s-1, could be 

stretched to 50% strain without significant loss in 

electrical property, and yielded a high enough output 

current to drive an OLED.46  

In a work recently published by the Bao group, important 

strides were made in developing not only intrinsically 

stretchable, but healable semiconductor polymers as 

well.149 In this work, chemical moieties were introduced 

to promote dynamic, non-covalent crosslinking of the 

conjugated polymers, which can achieve high 

stretchability by allowing the dynamic bonds to be easily 

broken to allow for energy dissipation upon strain. 

Hydrogen bonds were incorporated with the addition of 

2,6-pyridine dicarboxamide (PDCA), which allow for the 

recovery of mechanical property. The resulting polymer 

was able to recover its high mobility after 100% strain 

during bending and unbending for 100 cycles.149 As a 

proof of concept, TFTs were fabricated, tested, with the 

mobility of damaged devices after stretching being 

almost fully recovered after solvent and thermal healing 

treatment which were observed to greatly reduce the size 

and density of nanocracks.149   

Though the development of these intrinsically 

stretchable semiconducting materials has not progressed 

as far as the field of stretchable conductors, stretchable 

semiconductors are the building blocks for wearable 

electronics. For intrinsically compliant electronic devices 

to not only become commercially viable, but to compete 

with stretchable electronics fabricated through the 

engineering and manufacturing of stretchable structures, 

significant work must still be done on development high 

performing, mechanically robust, compliant 

semiconductors.  

2.3. Compliant dielectrics 

In contrast to semiconductors, a wider range of 

compliant dielectrics exist due to the natural tendency of 

several polymers to have some degree of insulating 

properties. Poly(vinyl cinnamate) (PVCi) is one such 

dielectric commonly used in organic TFTs (OTFTs).150–153 

Jang et al. demonstrated the use of PVCi in a flexible 

organic TFT by dip coating a substrate in a solution of 

PVCi in chloroform, followed by photocuring the 

polymer at 255 nm through the chemical reaction 

illustrated in Figure 12.154,155 When a metal insulator 

metal (MIM) capacitor was fabricated, the capacitance of 

the resulting structure was calculated to be ~6 nF/cm2 

when the dielectric layer was 500 nm thick.155 In another 

study, Jang et al. showed the lack of hydroxyl groups in 

the crosslinked polymer resulted in hysteresis free OTFTs 

when PVCi was used as the gate dielectric.154 Bae et al. 



 

found that anisotropic photocrosslinking occurred when 

PVCi was exposed to linearly polarizing ultraviolet 

light.156 This anisotropy arises from the breaking of the 

C=C bonds of the cinnamate side chains parallel to the 

direction of the polarized light, which cause [2+2] 

cycloaddition in the broken sidechains adjacent to the 

main chains and anisotropic distribution of cross-linked 

molecules perpendicular to the polarized light.156,157 A 

subsequently deposited layer of pentacene was able to 

directionally align with PVCi, enhancing the mobility.156   

 

 

Figure 12: The chemical structure of PVCi (left), and 
photocrosslinked PVCi (right). Reprinted with permission 
from ref.[154]. Copyright {2008} American Institute of Physics. 

 

The use of PVCi has been limited to, for the most part, 

flexible electronics. For applications requiring more 

stringent mechanical performance, the oft-mentioned 

elastomeric PDMS, previously only mentioned as a 

substrate material, has also been utilized as a 

dielectric.158–162 Though the capacitance of the 

elastomeric dielectric is lower than the previously 

mentioned PVCi, the mechanical properties may enable 

its use for other applications. Ling et al. reported the use 

of PDMS with a capacitance of 2.9 nF/cm2 that was used 

as the gate dielectric for a pentacene based TFT.160 With 

the same dielectric, Cao et al. operated SWCNT TFTs 

successfully at tensile strains of 3.5%, demonstrating the 

use of PDMS as a dielectric for electronic applications. 

Continual improvements in material properties may 

facilitate the development of fully stretchable electronics. 

As an example, the Skov group prepared grafted cross-

linkers by reacting 1-ethynyl-4-nitrobenzene and 3-4-((4-

nitrophenyl) diazenyl)phenoxy)-prop-1-yn-1-ylium to 

prepare well-distributed dipole-functionalized PDMS 

networks in an effort to enhance the dielectric 

properties.163 With 0.46 wt% of dipole-functional cross-

linker, the dielectric constant was observed to increase by 

~20% with low dielectric loss.163 The Opris group 

synthesized polysiloxanes via anionic polymerization of 

1,3,5-tris(3,3,3-trifluoropropyl)-1,3,5-

trimethylcyclosiloxane with 

octamethylcyclotetrasiloxane to introduce CF3 groups, 

which was able to increase the dielectric constant to 6.2 

while still allowing the material to withstand up to 400% 

strain.164 

However, because of the relatively low dielectric constant 

of PDMS, various other materials are often selected in its 

stead for use as stretchable dielectrics. Ionic gels, a 

polymer network swollen with an ionic liquid, represent 

another category of dielectrics used in stretchable 

electronics. For OTFT applications, ionic gels have been 

actively researched due to their high ionic conductivity, 

printability, and mechanical properties.165–169 The 

operation of TFTs based on this class of dielectric is based 



 

on the formation of a high capacitance electric double 

layer (EDL) at the dielectric/semiconductor and 

dielectric/gate interfaces under an electric field. Lee et al. 

utilized a UV cross-linked ion gel ink of 

poly(ethyleneglycol) diacrylate, 2-hydroxy-2-

methylpropiophenone initiator, and 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide 

([EMIM][TFSI]) for a photo-patternable dielectric which 

could simultaneously serve as a negative photoresist to 

pattern the underlying graphene channel.170 The use of 

the high capacitance (7.29 μF cm-2 at 10 Hz), patternable 

ion gel dielectric resulted in low voltage operation of the 

TFT, high on/off ratio, and a hole mobility of 852 ±124 

cm2  V-1 s-1.170 The Frisbie group reduced the polarization 

response time for applications requiring higher switching 

speeds by gelling ionic liquids with a self-assembled 

triblock copolymer (poly(styrene-block-ethylene oxide-

block-styrene).168 The high ionic conductivity (> 10-3 S cm-

1) enabled by the minimal amount of polymer required 

for gelling resulted in ion gel-gated OTFTs capable of 

operating at frequencies up to 1 kHz, an order of 

magnitude improvement over their previous report on 

ion-gel gated TFTs.168,171 As a proof of concept of these 

materials for stretchable applications, Lee et al. 

fabricated a stretchable transistor using a printed 

poly(stryrene-methyl methacrylate-styrene) triblock 

copolymer and ([EMIM][TFSI]) ionic liquid.107  

However, the intrinsic properties of individual materials 

may not always be sufficient. As in previously discussed 

classes of materials, composite materials combining the 

high-k nature of dielectric fillers and the mechanical 

compliancy of polymer matrices may lead to enhanced 

performance. Oh et al. demonstrated a stretchable 

dielectric comprising SWCNT embedded in PDMS, with 

the mechanical and dielectric properties enhanced with 

the addition of an ionic liquid (1-butyl-3-methyl-

imidazolium bis(trifluoromethanesulfonyl)imide 

([BMIM][TFSI]).172 Kohlmeyer reduced the dielectric loss 

(and ehnahced the dielectric constant) of the CNT / 

PDMS dielectric by substituting the SWCNT for multi-

walled CNTs (MWCNTs), with the outer graphene layer 

covalently functionalized to become nonconducting, 

while inner layers remain unfunctionalized and 

electrically conducting.173 It was observed that the 

dielectric constant increased from ~3.3 (pure PDMS) to 

~1249 with the incorporation of 9% hydroxylated 

MWCNTs.173 Furthermore, the efficacy of the 

hydroxylated MWCNTs was demonstrated with a 

significant lower dielectric loss (~0.80) in contrast to the 

dielectric loss of the CNT / PDMS dielectric 

incorporating non-functionalized MWCNTs (~2.31).173 

These composite dielectrics have been used to realize 

higher performing organic devices. Shi et al. formed a 

composite of PDMS with organic-capped titanium 

dioxide (TiO2) nanoparticles as the dielectric layer in 

OTFTs. The integration of TiO2 eliminates the 

requirement of an excessively thin PDMS film to obtain a 

sufficiently high capacitance to avoid short channel 

effects (SCE) in the transistors. With a 4:1 ratio of 

nanoparticles to PDMS, the dielectric constant increased 



 

approximately three-fold, and yielded organic transistors 

with a mobility of 0.038 cm2V-1s-1 and on off ratio of 104 – 

105 when poly(3,3’’’-didodecylquaterthiophene) (PQT-12) 

was used as the active material.174 Zirkl et al. used a 

composite of PVCi and zirconium dioxide (ZrO2) with a 

pentacene active material to record even higher values of 

the on/off ratio (~106) and mobility (0.9 – 1.2 cm2V-1s-1).175 

Tien et al. combined highly crystalline piezoelectric 

poly(vinylidene fluoride-trifluoroethylene) (P(VDF-

TrFE)) and barium titante (BT) nanoparticles to achieve 

a large-electro-physical coupling effect for physically 

responsive field-effect transistors.176 

The aforementioned materials are by no means an 

exhaustive list of dielectrics utilized in compliant 

electronic devices. More materials, and the re-purposing 

of common materials for dielectric applications are 

continuously being researched and developed. As an 

example, in a deviation from the most commonly used 

solid state dielectrics, liquid dielectrics such as the ionic 

gels previously discussed, and vacuum and air dielectrics 

have also been explored.177–180 This continual 

development of materials and techniques broaden the 

available resources for researchers to select to, allowing 

the development of new dielectrics to be used for a 

variety of different applications. Dielectric elastomers 

described in a following section are another important 

class of compliant dielectrics. While these are primarily 

treated for electromechanical transduction, their high 

mechanical compliancy and dielectric strength bode well 

for stretchable electronic applications. 

2.4 Compliant electromechanically transducing 

materials 

The development of materials and devices capable of 

mimicking muscle functions has long been sought after.  

One salient performance metric to emulate in the 

development of these materials and devices is 

mechanical energy density. Natural muscle has a 

mechanical density on the order of 150 J/kg and can peak 

at around 300 J/kg.181 By this measure alone, 

electromagnetic (EM) motors and combustion engines 

should theoretically be able to match or exceed the 

performance of natural muscle.182 However, as made 

evident by current cutting-edge robots (e.g. Boston 

Dynamics’s Big Dog)183 the applicability of conventional-

actuator-based robotics to real-world applications is 

heavily limited. As an example, EM motors necessitate 

heavy battery packs and capacitor banks that require 

frequent recharging. By increasing the overall mass of the 

robotic device, the effective energy density as well as 

range and mobility are simultaneously adversely affected. 

Scaling down these bulky components to mitigate these 

issues similarly reduces the power efficiency while 

increasing the difficulty of fabrication. Furthermore, EM 

motors and gears generate significant noise, making 

them environmentally disruptive. Pneumatic systems 

have also been utilized due to their linear operation 

approaching the movement natural muscle. McKibben 

artificial muscles in particular are intrinsically compliant, 

and have been investigated for robotic applications.184,185 



 

However, these systems require air compressors that are 

also bulky, and are further limited in response speed due 

to the pumping of air into and out of the actuators.  

Several “smart materials” have been proposed as 

alternatives to natural muscle. Amongst these alternative 

muscles that have been suggested are shape memory 

alloys (SMA), magnetostrictive alloys (MSA), and 

piezoelectrics.30,186 However though SMAs are capable of 

producing relatively large linear displacements, they are 

limited by the time required to cool the alloy and return 

to the rest position. With regards to the latter two, 

magnetostrictive alloys and piezoelectric ceramics both 

intrinsically suffer from small strains and high stiffness, 

rendering this trio of materials all unfit to serve in the 

stead of natural muscle. 

Electroactive polymers (EAPs) are an emerging actuator 

technology wherein a lightweight polymer responds to an 

electric field by generating mechanical motion.187 Due to 

their ability to mimic the properties of natural muscle so 

accurately, the moniker “artificial muscle” has been 

coined to describe EAPs. The concept of these materials 

can be traced back to 1880 in a paper published by 

Roentgen.188 In his experiments, he observed that a film 

of natural rubber could alter its form factor through the 

application of a large electric field, the first observation 

of actuation of a dielectric elastomer material. Since 1880, 

the number of electroactive polymers and technologies 

based on these materials has grown substantially. For a 

more comprehensive overview of the field, readers of this 

Review may refer to the proceedings of the annual SPIE’s 

Smart Structures and Materials Symposium on 

Electroactive Polymer Actuators and Devices,187,189,190 

EAPs can be broadly divided into ionic and field-

activated EAPs based on their actuation mechanism. 

Ionic polymer-metal composites, ionic gels, carbon 

nanotubes, and conductive polymers fall under the 

former classification, while ferroelectric polymers, 

polymer electrets, electrostrictive polymers, and 

dielectric elastomers fall under the latter. In addition to 

these classifications, there are also a variety of responsive 

polymers such as shape memory polymers, nylon 6,6 

monofilament sewing thread, and polymers whose 

deformations are triggered by chemical reactions, 

including responsiveness to pH and temperature 

change.191 In this section of the Review, several important 

EAP materials will be highlighted, with a specific focus 

on dielectric elastomers.  Table 1 summarizes the 

actuation properties for several of these materials, 

alongside other actuation technologies including 

mammalian muscle.  It is important to note

 Table 1: A comparison of actuation properties of important EAP materials. 

Type                            Maximum 
Strain          

(%) 

Maximum 
Pressure 

(MPa) 

Specific 
Elastic Energy 
Density (J/g) 

Relative 
Speed             

(full cycle) 

Ref. 



 

Dielectric Elastomer (Acrylic 
with prestrain) 

380 7.2 3.4 Medium 
192 

Dielectric Elastomer (Silicone 
with prestrain) 

63 3 0.75 Fast 
192 

Dielectric Elastomer (Silicone 
- nominal prestrain) 

32 1.36 0.22 Fast 
193 

Dielectric Elastomer 
(Polyurethane - nominal 
prestrain) 

11 1.6 0.087 Fast 
193 

Electrostrictor polymer 
(P(VDF-TrFE-CFE)) 

4.5 
 

1.1 Fast 
194 

Electrostatic devices 
(integrated force array) 

50 0.03 0.0015 Fast 
195 

Electromagnetic          (Voice 
Coil) 

50 0.1 0.003 Fast 
193 

Piezoelectric Ceramic   (PZT) 0.2 110 0.013 Fast 
196 

Piezoelectric Single Crystal 
(PZT-PT) 

1.7 131 0.13 Fast 
193 

Piezoelectric Polymer (PVDF) 0.1 4.8 0.0013 Fast 
193 

Relaxor ferroelectric polymer 
(PVDF-TrFE-CFE) 

7 21 0.73 Fast 
197 

Shape memory alloy     (TiNi) > 5 > 200 > 15 Slow 
198 

Shape memory polymer 
(Polyurethane) 

100 4 2 Slow 
199 

Thermomechanical twisted 
polymer fiber (nylon 6,6 
monofilament) 

35 16 
 

Slow 
191 

Thermal               (Expansion - 
Al dT=500 K) 

1 78 0.15 Slow 
193 

Conducting Polymer   (PANI) 0.85 100 0.32 Slow 
200 



 

 

 

 

 

 

 

 

 

 

 

 

 

that these data were recorded for different materials 

under different conditions; as a result, information 

provided in Table 1 should be used only for qualitative 

comparison 

2.4.1 Ionic EAPs  

Actuators based on conductive polymers were first 

proposed by Baughman et al. in 1990.205 Following the 

development of this work, Pei and Inganas explored the 

uptake of counter-ions during the electrochemical redox 

of polypyrrole, and designed bilayer beam actuators to 

obtain large bending deformations.206–208 Otero et al., 

amongst others, extensively investigated the underlying 

electrochemical mechanisms.209,210 As shown in Figure 13, 

for polypyrrole doped with small counter anions (such as 

perchlorate), the oxidized state causes the polymer chains 

to expand due to the presence of the counter anions; in 

the reduced state, the ions migrate away and the polymer 

chains relax. In polymers doped with bulky counter anions 

(such as dodecylbenzene sulfonate), the reduction 

involves uptake of cations into the polymer, resulting in 

the reduced polymer being in the expanded state.207,208,211 

Because both the oxidized and reduced states are stable, 

these actuators are considered bistable. The most 

commonly used of these conducting polymers for 

actuation purposes are polypyrrole, polyaniline, and 

poly(3,4-ethylenedioxythiophene) (PEDOT).212–217 

Actuators based on these materials typically have low 

actuation voltages (1-2 V),217 with strains varying from 1 to  

~40%,30,218,219 and force densities up to 100 MPa.200 

However, these conductive polymers suffer from a very 

low operating efficiency and electromechanical coupling, 

both  ~1%.30 Furthermore, actuation speeds are limited as 

the mechanism relies on the migration of ions,220 in 

IPMC 3 30 
  201,202 

Carbon naotubes (CNT paper) 1 27 0.04 Slow-fast 
30 

Magnetostrictive            
(Terfenol-D) 

0.2 70 0.025 Fast 
203 

Natural Muscle           (Peaks in 
nature) 

100 0.8 0.04 Slow-Fast 
204 



 

addition to the internal resistance between the electrolyte 

and polymer.30 Research efforts into this aspect focuses 

more on the ionic migration and actuator design for 

important application, rather than molecular designs of 

the polymer chains. 

Figure 13: Counterion insertion and repulsion during the 
electrochemical redox of polypyrrole. 

 

Molecular actuators are organic compounds or polymers 

that undergo giant shape change upon charge transfer. 

The Nobel Prize in Chemistry in 2016 was awarded jointly 

to Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Bernard 

L. Feringa for the design and synthesis of such molecular 

machines based on catenane and rotaxane.221 

Poly(calixarene-hinged thiophene) was synthesized by 

Anquetil et al. to produce large macroscopic strains, as 

illustrated in Figure 14.222 This copolymer comprises a 

calix[4]arene scaffold that could be driven between the 

cone and 1,3-alternate conformation, and a 

quaterthiophene unit that is redox active. A T space-

filling model suggests that one dimensional changes of as 

large as a factor of 5 are possible, driven by π-stacking 

between the thiophene oligomers.223 Molecular 

simulation indicates that a single molecule of 

calix[4]arene-quaterthiophene could produce at most 92 

pN of average active force. The proportion of energy 

converted to work (electromechanical coupling 

efficiency) of the copolymer acting as a molecular 

actuator is estimated to potentially be as high as 66.7%, 

which would fare better than conducting polymer 

actuators on a macroscopic scale. However, the 

macroscopic actuation performance of the molecular 

actuators has not been reported. Reported works thus far 

include Erbas-Cakmak et al., who have extensively 

surveyed the molecular architectures for nanomachines 

and attempted to use ratchet mechanisms to create 

motor-mechanisms.224

 

PPy+(A-) + e-  PPyo + A-

PPy+(A-) + e- + M+  PPyo(A-M+)

PPyo - e- + A-  PPy+(A-) 

PPyo(A-M+) - e-  PPy+(A-) + M+

Reduction:

Oxidation:

PPy (A-) when the dopant is small

Reduction:

Oxidation:

PPy (A-) when the dopant is large
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1,3-Alternate



 

Figure 14: A molecular machine based on a molecular rotaxane copolymer.222 Reprinted with permission from ref[225]. Copyright 
{2002} SPIE. 

Ionic polymer-metal composites (IPMCs) consist of a 

solvent swollen ion-exchange polymer membrane 

laminated between two thin flexible metals (typically 

percolated Pt nanoparticles or Au).226,227 Application of a 

bias voltage to the device results in the migration of 

mobile ions within the film to the oppositely charged 

electrode causing one side of the membrane to swell and 

the other to contract, resulting in a bending motion.228 

Over time the actuator slightly relaxes due to the built-

up pressure gradient.  Typical membrane materials 

include Nafion and Flemion220 with anionic side groups 

or polystyrene ionomers with anionic-substituted phenyl 

rings.30,181,226 Driving voltages are typically on the order of 

a few volts, and actuation strains and stresses of  >3%202 

and 30 MPa229 have been reported. Several studies have 

demonstrated that IPMCs are well suited for use as soft 

actuators for bending and sensing.230 

Individual carbon nanotubes (CNTs) possess a high 

tensile modulus approaching that of diamond (640 GPa), 

and their tensile strength is estimated to be 20-40 GPa, 

an order of magnitude larger than any other continuous 

fiber.231 However, the mechanical properties of CNT 

bundles typically used in actuator tests tend to be 

significantly lower as they are held together by relatively 

weak van der Waals forces.232 These bundles of CNTs 

suspended in an electrolyte are capable of expanding in 

length due to double-layer charge injection.30 The 

resulting actuation is due to these effects, in addition to 

Coulombic forces.30,233 When actuated, CNTs possess low 

actuation voltages (~1 V), high operating loads (26 MPa), 

high effective power to mass ratios of 270 W/Kg, strains 

< 2%,30 and a response speed in the millisecond range.234 

Like conducting polymers and IPMCs, CNTs also suffer 

from very poor electromechanical coupling.  Aliev et al. 

reported on novel giant-stroke, superelastic CNT aerogel 

muscles fabricated from highly ordered CNT forests 

which are capable of anisotropic linear elongations of 

220%.235 Foroughi at al. recently reported that an 

electrolyte-filled twist-spun CNT yarn much thinner than 

a human hair can function as a torsional electrochemical 

artificial muscle.236 This yarn was actuated to a reversible 

15,000° rotation and 590 revolutions per minute through 

hydrostatic mechanisms. This mechanism mimics 

muscular hydrostats observed in nature, and leads to 

simultaneous occurrence of lengthwise contraction and 

torsional rotation during the yarn volume increase 

caused by the electrochemical double-layer charge 

injection.236 

2.4.2 Field activated EAPs  

Ferroelectric polymer poly(vinylidene fluoride 

trifluoroethylene),  P(VDF-TrFE), exhibits piezoelectric 

responses after appropriate poling.237 Their piezoelectric 

actuation properties are typically worse than ceramic 

piezoelectric crystals; however, they offer the advantages 

of being lightweight, flexible, easily formed, and are not 

brittle.  The actuation strain of P(VDF-TrFE)s can be 



 

increased by breaking down the size of the 

nanocrystalline domain, thus transforming the polymer 

into a relaxor ferroelectric. The resulting polymers are 

termed electrostrictive polymers, and have a 

spontaneous electric polarization. Zhang et al. 

demonstrated that irradiation with high-energy electrons 

or protons is an effective technique to increase this 

actuation strain, and reported a P(VDF-TrFE) with 

actuation strain as high as 7%.197,238 Other mechanisms 

include adding a bulky side group by introducing co-

monomers such as cholorofluoroethylene (CFE), 

chlorotrifluoroethylene (CTFE), or hexafluoropropylene 

(HFP), which produces similar results while avoiding 

radiation treatment which tends to make the copolymer 

more brittle.239,240 Electrostriction has also been obtained 

from graft copolymers wherein polar crystallites are 

grafted to flexible polymer backbones. Electrostriction 

has also been obtained from graft copolymers wherein 

polar crystallites are grafted to flexible polymer 

backbones.241 

Liquid crystal elastomers (LCEs) combine the 

orientational ordering properties of liquid crystals with 

the elastic properties of elastomer networks.242 These 

elastomers were first used as artificial muscles by de 

Gennes in the late 1990s.243 In their first iteration in this 

capacity, the activated LCEs displayed strains on the 

order of 35-45%, but were limited in response speed due 

to the requirement for heat diffusion.243–245 Electrically 

activated LCEs exhibit significantly faster response 

speeds (10 ms)246 than their thermally activated 

counterparts, and the required fields (1.5-25 MV/m) 

required for actuation are lower than most other field 

activated EAP technologies. The tradeoff, however, is the 

relatively small actuation strains (<10%) and low work 

density.246,247 It was recently reported that cholesteric 

liquid crystal elastomers swollen by low-molecular-mass 

liquid crystals could be electrically actuated up to 30% 

strain along the electric field axis.248 

Dielectric elastomers (DE) denote a class of dielectric 

materials capable of deformation upon application of an 

electric field. The detailed operations of a DE transducer 

can be found in literature from Pelrine et al. and Carpi et 

al.,249,250 and is illustrated in Figure 15.251 Briefly, a DE 

transducer consists of a polymer film sandwiched 

between two compliant electrodes. For substantial 

actuation, the electrodes must be composed a softer 

material than the DE film.252 Upon application of a 

voltage difference between the two electrodes, actuation 

occurs due to Maxwell pressure, given by:40,253 

𝜎𝜎𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 𝜀𝜀0𝜀𝜀𝑟𝑟 �
𝑉𝑉
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where 𝜎𝜎𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 is the Maxwell pressure, 𝜀𝜀0 and 𝜀𝜀𝑟𝑟 denote 

the absolute and relative dielectric permittivities, 

respectively, 𝑉𝑉 is the driving voltage, and 𝑑𝑑 the thickness 

of the polymer film. Readers of this Review are referred 

to Theory of Dielectric Elastomer authored by Suo for a 

more comprehensive discussion of the underlying theory 



 

of actuation.252 

Figure 15: Basic operating principle of a dielectric elastomer 
actuator. Adapted and reproduced with permission from 
ref.[251].  Copyright {2013} Springer. 

 

The selection of DE material is paramount to the design 

of actuators. The material properties of specific DEs 

control actuation behavior, as the Maxwell strain 

discussed in the preceding paragraph is dependent upon 

these parameters. Subsequently, the strains and 

deformations achievable vary from material to material. 

Two of the most heavily researched materials for DE 

technology are acrylic (3M’s VHB 4910) and PDMS (CF-

19-2186 from NuSil). Acrylate copolymers exhibit a 

relatively high dielectric constant for neat polymers, and 

have a high field strength.254 Maximum Maxwell 

pressures of acrylics with prestraining, which will be 

discussed in subsequent paragraphs, can reach 1.2 MPa.32 

The large Maxwell pressure results in similarly large 

deformations, as these materials are highly elastic due to 

a combination of soft, branched aliphatic groups, and 

light cross-linking of the acrylic chains.252,255 Maximum 

strains of 380% have been reported with the use of acrylic 

DE actuators.32 Further larger strains as high as 17x have 

also been obtained when programmed mechanical bias is 

additional applied.118 Because of these material 

characteristics, higher overall actuation performance is 

observed when contrasted to other DE materials such as 

silicone and polyurethane. Furthermore, because acrylate 

copolymers can be readily synthesized from common 

monomers, nanocomposites can be easily developed with 

enhanced actuation properties. Compared to acrylic 

materials, silicones are subjected to lower Maxwell 

pressures, with pressures around 3 MPa reported. 

Consequently, strains approximately 5x lower than that 

in acrylics are typically observed.32 However, though 

higher actuation performance is observed with acrylic, 

silicone elastomers are also widely used due to their 

faster response time, as acrylic elastomers exhibit high 

viscoelastic losses.252 Clearly, then, different DE materials 

are better suited for different applications based on their 

inherent advantages and limitations. As an example, 

acrylics, as described previously, are capable of large 

strains, yet exhibit viscoelasticity. Silicones have fast 

response time, but limited actuation strains, and as a 

result, can suitable for energy harvesting.256 

Polyurethanes in general are excessively stiff, while 

thermal plastic elastomers may lack in stiffness.256 A 

deeper discussion of specific materials and their 

properties, including a relative comparison of forces and 

strains can be found in a review authored by Brochu et 

al.32 Careful selection of material based on design 

requirements is paramount for the fabrication of 

successful DE actuators.  

Most importantly, highly compliant dielectric elastomers 

typically exhibit electromechanical instability, or pull in 

failure, due to the long plateau on the stress-strain 



 

response curve as illustrated in Figure 16.32,257,258 As such, 

stable actuation is limited by the apparent breakdown 

electric field, which is substantially lower than the 

breakdown electric field strength of the DE material. The 

material’s intrinsic breakdown occurs when the voltage 

mobilizes charged species in the DE film, producing 

electrical conduction in the film when local electric fields 

exceed the dielectric strength of the film. 

Electromechanical instability occurs when a constant 

actuation voltage is applied that results in the thinning of 

the DE film, increasing the electric field, which in turn 

leads to larger strain. This positive feedback eventually 

leads to dielectric breakdown.  An effective approach in 

controlling this pull-in failure and thus obtaining high 

actuation performance in line with the DE’s intrinsic 

breakdown field strength is prestraining, which brings 

about the rapid rising stiffness of the DE film 

approaching the maximum elongation to overcome this 

positive feedback loop.225 On the actuator side, 

prestraining of DE films can improve the actuation strain 

and energy density of subsequently fabricated 

actuators.249,256 Additional benefits of prestraining 

include being able to ‘program’ actuation in a certain 

direction by prestraining in the orthogonal direction of 

the desired actuation direction, improved mechanical 

efficiency, and faster response speeds.32 

 

Figure 16. Characteristic stress-strain curve of a dielectric 
elastomer film as a function of mechanical strain or electric 
field (under constant voltage actuation). The lines with 
origin at O are for a non-prestrained film and at O’ for the 
prestrained film. The cross (X) indicates dielectric 
breakdown. Small o and large O represent the apparent 
breakdown field and actual breakdown strength, 
respectively. 
 

However, prestraining films may also bring about 

deleterious effects. This added processing step brings 

about new complexities, adding fiscal, time, and 

performance considerations. In order to maintain the 

tension in the film, additional rigid, passive structures are 

required, introducing several copmlications.32,256 These 

structures lead to local stress concentrations in the DE 

film, leading to potential failure of the actuator due to 

stress relaxation and fatigue.256 Furthermore, the 

additional mass of the supporting structure add 

significantly to the volume and mass, which can reduce 

the work density and power to mass ratio of the 

device.30,256 Due to these limitations, the reduction or 

elimination of prestrain while still achieving the same 

performance is desirable. 

The development of new DE materials and composites 

has been show to eliminate the need of prestrain, while 
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still maintaining high actuation performance. 

Vargantwar et al. demonstrated a thermoplastic 

elastomer gel (TPEG) comprising acrylic triblock 

copolymers swollen with a high dielectric to demonstrate 

pre-strain DE capable of high actuation strain at low 

electric fields.259 Suo et al. described a model of a 

dielectric elastomer with interpenetrating networks that 

did not require pre-straining for actuation.260 The 

interpenetrating network comprised two lengths of 

chains, one long, and one short, with the long chain 

network filling space to keep the elastomer compliant at 

small deformations, while the short chain restrains the 

elastomer from excessive thinning.260 Niu et al. tuned the 

stress-strain relationship by varying the amount of cross-

linker in a UV curable precursor to completely suppress 

electromechanical instability (EMI) and eliminate the 

need for prestrain due to the rapid stiffening of the 

material above a threshold stretch ratio.253 It was 

reported that strains of 314% or a maximum breakdown 

of 236 V μm were achievable while fully suppressing 

EMI).253 Ha et al. empirically demonstrated high-

performance interpenetrating networks based on acrylic 

elastomers and poly(1,6-hexanediol diacrylate) that 

retain benefits resulting from pre-strain without utilizing 

external mechanical prestrain.261,262 The poly(1,6-

hexanediol diacrylate) network formed inside the highly 

pre-strained elastomer network, supporting the pre-

strain of the elastomer. Because this network is under 

compression, it can balance the elastomer network under 

tension, preserving the pre-strain of the VHB network. It 

was observed that a film with 18.3 wt. % of poly(1,6-

hexanediol diacrylate) in VHB could preserve pre-strain 

up to 275%, and electrically induced strains up to 233%.262  

Bottlebrush elastomers have been recently reported as 

materials that feature inherently strained polymer 

networks eliminating this EMI. These elastomers are 

macromolecules with two or more polymeric side chains 

grafted to a polymer backbone, allowing for unique 

properties. The brush architecture allows for the 

expansion of the diameter of the polymer chain, in turn 

reducing the entanglement while negating effects of 

increased stiffness.263 Daniel et al. demonstrated 

bottlebrush elastomers with extremely low modulus 

(~100 Pa), 1000% strain at break, and that are solvent free, 

which eliminate potential phase segregation and porosity 

that may arise with the use of solvents.263 The same group 

expanded on that work by demonstrating the tunability 

of actuator rigidity and elasticity over broad ranges 

without changes in chemical composition using 

bottlebrush elastomers.264 By varying the side-chain 

length, grafting density, and crosslink density, they 

demonstrated the synthesis of DEs based on bottlebrush 

elasttomers with moduli ranging from 1 MPa down to 100 

Pa.264 

The Pei group demonstrated reversible, large-strain 

bistable actuation with bistable electroactive polymers 

(BSEP) without the requirement of pre-straining.67,225,265 

The term bistable in this sense alludes to the ability of the 

DE film to exist in two geometries: the original form 

factor, and its actuated shape. As an illustration of the 



 

working principle of BSEP materials, poly(tert-

butylacrylate) (PTBA), a rigid, thermoplastic, which acts 

as a dielectric elastomer above 50 °C was used, with a thin 

layer of silver nanowires buried at the surfaces. Figure 17 

illustrates the deformation of the PTBA BSEP material. 

The stiff PTBA at room temperature can be heated to 

above its glass-elastic temperature of 40 °C.265 Once 

softened, the polymer can undergo electrical actuation to 

any state between its fully relaxed, and fully actuated 

state. Once the bias voltage is removed, the temperature 

can be lowered below the glass transition temperature to 

lock in the desired shape. The utilization of the AgNW 

electrodes with the BSEP material allowed for repeatable 

bistable electrically induced actuation, as the electrode 

supports strains greater than 100% and can be used for 

Joule heating to soften the material.67 A followup work 

was conducted by Ren et al., in which a phase changing 

polymer comprising stearyl acrylate and a long chain 

urethane diacrylate was utilized as a BSEP material.266 

The stearyl acrylate was utilized for its phase changing 

ability due to its sharp transition within 10°C between the 

crystalline and molten states of its stearyl moieties, while 

the long-chain urethane diacrylate was used for its high 

tensile strength in both the rigid and rubbery states, 

allowing for large-strain electrical actuation. The 

resulting BSEP material can be actuated at 50 °C up to 

70% strain, and has potential for biomedical applications, 

as the transition temperature occurs at a temperature 

close to body temperature but below the perceptible pain 

threshold temperature of 43.2 + 0.4°C.266,267  

 

Figure 17: Bistable acruation mechanism of a BSEP material. 
Reprinted with permission from ref[225]. Copyright {2012} 
Wiley-VCH. 

Though dielectric elastomers are a class of materials that 

get relatively less attention, new discoveries in recent 

years may push this technology as an alternative to 

actuator technology. Due to the low-cost and ease of 

fabrication of devices utilizing these materials, several 

applications have been researched in recent years. Some 

of these applications will be discussed in a later section.  

3. Devices 

The transistor is the fundamental component behind 

modern electronic devices. Though in recent years the 

industry has observed a deceleration in Moore’s law, new 

discoveries and innovation have continued to progress at 

a rapid pace, with the new generation of flexible and 

stretchable electronics one prime example. These devices, 

though trailing behind traditional inorganic devices, 

offer the potential benefit of low cost, consumer 

adjustable electronics. However, in contrast to the 

discrete classes of materials described in the previous 

sections, intrinsically compliant transistors, and all 

integrated devices, require not only specific materials’ 

properties tailored for particular use, but also 



 

compatibility between different classes of materials in 

addition to the various processing steps necessitated for 

their incorporation. As a result, several processing 

challenges arise, including mitigating the potential 

solvent attack of various layers,268,269 and ensuring the 

surface energies of various components are aligned137,270 

to prevent delamination during use. 

As an example of the challenges required in the 

fabrication process, Liang et al. demonstrated a fully 

intrinsically stretchable and transparent transistor based 

on silver nanowires, carbon nanotubes, and an 

elastomeric dielectric.46 AgNWs were patterned through 

spray coating for use as the source/drain electrode, and 

embedded and transferred within a stretchable PU 

matrix.46 Semiconductive SWCNT ink was prepared in 

solution with fluorosurfactant and propylene glycol to 

enhance the wetting and levelling control during 

deposition of the active layer.46 A stretchable and 

transparent dielectric layer was selected taking in 

account its mechanical stretchability, compatibility with 

the source/drain electrode, viscosity, and ability to be 

dissolved in a solvent which would not attack the 

underlying channel or bottom electrodes. The sandwich 

stack was finally laminated with another AgNW-PU gate 

electrode, producing a TFT capable of withstanding 50% 

strain and 500 cycles of stretching to 20% strain without 

significant degradation in performance.46 Though 

fundamentally the structure of these next generation 

devices remains largely unchanged from their inorganic 

counterparts, additional measures must be considered to 

ensure a feasible and practical process flow, in addition 

to careful selection and tuning of material properties. 

3.1. Sensors 

Sensing capabilities are paramount to the functionality of 

electronic skins. Though various sensors have been 

demonstrated and commercially implemented 

throughout the years, the advent of flexible and 

stretchable technology simultaneously brings about 

more challenges and more exciting possibilities. The 

following sections go in further detail about these new 

sensors and some challenges present during design and 

fabrication of these sensors. 

3.1.1. Pressure sensor 

As the primary function of human skin is force sensing,271 

several groups have developed their own versions of 

pressure sensors to emulate this property of human 

skin.24,52,158.  

The Bao group demonstrated an organic, flexible 

pressure sensor by incorporating a compressible rubber 

for use as the dielectric in an organic field effect transistor 

(OFET).5 As the output current in these organic devices 

are directly correlated to the dielectric capacitance, a 

property dependent on the thickness of the dielectric, 

this compressible dielectric enables the sensing of 

applied pressure. As a proof of concept of the viability of 

the compressible rubber as a suitable dielectric for 

pressure sensing, capacitors were fabricated using both 

unstructured and pyramid structured PDMS as the 

dielectric.5 Significantly higher pressure sensitivity was 



 

observed with the microstructured dielectric due to 

lower elastic resistance as a result of the air voids (which 

has a lower dielectric constant) within the PDMS film), 

increasing the capacitance in the patterned film from the 

reduction in the distance between electrodes and 

increase in effective dielectric constant.5 The 

microstructured PDMS was fabricated into an OFET, 

using a rubrene single crystal as the active materials, gold 

source-drain electrodes, and ITO on PET as the top gate. 

The device was grounded on the highly doped Si 

substrate. The schematic of the low-impedance-output 

active-matrix design is illustrated in Figure 18a. Figure 

18b shows the output curve as a function of external 

pressure, and demonstrates the ability to discretely 

increase the output current in response to greater loads. 

This pressure sensing ability is directly attributed to the 

compliant dielectric increasing in capacitance upon 

compression, subsequently increasing the gate electric 

field at the interface between dielectric and active layer. 

A further study conducted by Schwartz et al. built on this 

work and integrated the microstructured PDMS in thin 

film, flexible polymer transistors with sensitivity 15 times 

higher than the aforementioned work by operating the 

transistor in the subthreshold regime, where the output 

current depends superlinearly on the capacitance change 

induced by applied pressure.21 With these new 

developments, a pixel array of transistors was developed 

with the capability of comforming to an adult human 

wrist and recording characteristic pulse pressure shapes, 

including small features in the diastolic tail of the pulse 

tradiationally difficult to resolve in a vast majority of 

sensors used in arterial tonometry.21 The pulse waves, in 

addition to a photograph of the sensor attached to an 

adult wrist illustrating the ability to conform to non-flat 

form factors are depicted in Figure 19a/b and Figure 19c, 

respectively 

Koeppe et al. demonstrated a flexible device capable of 

determining the magnitude and position of light and 

touch points using a silicone elastomer waveguides in 

conjunction with LEDs and photodiodes.272 Ramuz et al. 

built off this work and demonstrated a stretchable optical 

pressure sensor utilizing a PDMS film as the waveguide 

and substrate, and OLEDs and polymer organic 

photodiodes (OPDs) as the light source and 

photodetector, respectively.7 The selection of organic 

devices for the light emitting and photodetecting 



 

component of the integrated pressure sensor was to  

 
Figure 18: Pressure response of organic transistor with 
microstructured PDMS dielectric layer (a) schematic of 
pressure-sensing organic transistors with rubrene single 
crystals and PDMS dielectric film. (b) Output curve of 
pressure-sensor with varying applied external pressure. 
Adapted and reproduced with permission from ref.[5]. 
Copyright {2010} Nature Publishing Group. 
 

ensure high performance on flexible and stretchable 

substrates for electronic skin and physiological 

measurement applications. The PDMS was embossed 

with two sets of identical gratings, as illustrated in Figure 

20, to in- and out-couple light generate by the OLED. 

When compressed, the waveguide formed by the 

compression of the PDMS supports fewer modes, 

resulting in a lower intensity of light detected by the 

photodiode at the out-coupling grating stage.7 With the  

device structure as seen in Figure 20a, the pressure 

sensitivity, defined by the slope of the photocurrent 

variation plot, reached a peak sensitivity as high as 0.2 

kPa-1.7 When stretched to a 50% strain, the sensitivity 

increased to 0.32 kPa-1, with the increase in sensitivity 

being attributed to the reduction in thickness of the 

waveguide.7  

As an example of materials selection based on specific 

requirements, the Suo group developed a biocompatible 

hybrid pressure and strain sensor based on ionic 

conductors.273 The use of ionic conductors lead to 

electrical double layers forming at the interface between 

electrodes and ionic conductor, in addition to the ionic 

conductors and dielectric, forming two capacitors in 

series with each other. Upon deformation in the acrylic 

elastomer dielectric, the capacitance in the electric 

double layer increases, allowing the functionality as a 

strain and pressure sensor. In conjunction with a 

polyacrylamide hydrogel containing NaCl functioning as 

the ionic conductor, a sheet of sensors was fabricated 

which could detect the location of touch, and resolve the 

pressure of a single finger.273 

Pressure sensors based on the nanotube and nanowire 

conductors mentioned previously have also been 

developed. Lipomi et al. fabricated transparent 

conductors using SWCNT sprayed on PDMS capable of 

withstanding strains up to 150%, with demonstrated 

conductivities up to 2,200 S/cm in the stretched state.8 

These nanotube films were subsequently integrated for 



 

use as electrodes for stretchable capacitors utilized for 

pressure and strain sensors that manifest changes in 

these parameters through changes in capacitance. The 

stretchable capacitors were formed through the 

lamination of two patterned compliant electrodes 

sandwiching an Ecoflex silicone elastomer, forming an 8 

x 8 pixel array of capacitors.8 Different modes of 

deformation were able to be distinguished: tensile 

straining would affect pixels along the axis of strain, while 

pressure would affect pixels in the vicinity of the applied 

load. This distinction obtained through the use of 

stretchable materials helps mitigate the crosstalk 

inherent in pressure sensors, with the cross talk 

approximately half that observed for a similar device 

fabricated on a non-stretchable polymer substrate.5,8  Yao 

et al. used a similar concept with the Ecoflex dielectric 

sandwiched between two screen-printed patterned 

AgNW electrodes.274 The resulting capacitive sensor can 

detect strain up to 50%, pressure up to 1.2 MPa, and finger 

touch with high sensitivity.274 Furthermore, as proof of 

concept of the viability of these sensors for practical 

application, these devices were used to monitor thumb 

movement, sense strain of the knee in patellar reflex, and 

various other human motions illustrated in Figure 21. 

AgNW capacitors were also fabricated by embedding the 

wires within PDMS275 or a polyurethane substrate276 and 

using a highly compliant dielectric spacer, with the 

resulting sensor arrays capable of sensing stretch, 

pressure, and touch sensitivities. 

 

Figure 19: Pulse wave of radial artery measured with 
pressure sensing flexible polymer transistor (a) Real time 
transient signal from the radial artery of an adult human 
wrist. (b) Averaged signal from 16 periods. (c) Flexible 
pressure sensor attached to an adult human wrist above 
the radial artery. Reprinted with permission from ref.[21]. 
Copyright {2013} Nature Publishing Group. 

Figure 20: Transparent, optical, pressure-sensitive 
artificial skin (a) Schematic top-down view of the 
stretchable pressure sensor. AFM image in the inset 
illustrates embossed gratings onto the PDMS film. (b) Cross-
sectional view of the optical pressure sensor illustrating in- 
and out-coupled light at the embossed grating stage. Change 
in photocurrent as a result of the disrupted waveguide 
process when pressure is applied is measured by the 

(a) 

(b) (c) 
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photodetector. Adapted and reproduced with permission 
from ref.[7]. Copyright {2012} Wiley-VCH.  

 

Because sensing modalities rely on a change in 

parameters based on external stimuli of the tested 

parameter, the use of complaint materials becomes 

necessary. The deformation induced by the applied load 

alters material properties in such a way that the resultant 

output scan discern between various mechanical 

manipulations of varying force. Though the material 

properties of commonly used materials in these devices 

such as AgNWs, PDMS, SWCNT, or PU have been 

extensively researched, the challenge remains to devise 

clever methods to amalgamate these discrete 

components in a concise integrated system to achieve the 

desired functionality. 

 

Figure 21: Strain sensing capability of capacitive 
sensors. (a) One pixel sensor on thumb joint. (b) Capacitve 

change associated with thumb flexure. (c) Schematic of 
patellar reflex in the knee. (d) Capacitve change caused by 
knee motion in patellar reflex. (e) Relative capacitive change 
for various human motions: walking, running and jumping 
from squatting. Reprinted with permission from ref. [274]. 
Copyright [2013] Royal Society of Chemistry.  

3.1.2. Temperature sensor 

Temperature sensing is another critical functionality of 

human skin. In the context of electronic skins, 

temperature sensing can serve multiple purposes: 

amongst these include being able to mimic the human 

response mechanism to prevent injury and to garner 

information about environmental surroundings,271 in 

addition to being able to provide continuous, real time 

thermal characterization of human skin for diagnostic 

purposes.277 Whereas the sensing mechanism for 

pressure sensors was based on the compression of 

materials inducing a change in materials parameters such 

as capacitance4,5,8 or the number of waveguide modes,7 

temperature sensing relies on the resistivity dependence 

of materials. As a conceptual illustration of the basic 

working principle of these temperature sensors, a 

temperature sensor fabricated on a silicon-on-insulator 

wafer and transferred to a prestrained, buckled PDMS 

substrate is discussed.9 The thermal sensor, termed 

thermistor, consisted of two chromium (Cr) / gold (Au) 

layers, one serving as the active layer, the other as the 

electrode.9 This thermistor was fabricated independently 

of the buckled PDMS substrate, the two components 

which were subsequently laminated together with silicon 

ribbons functioning as an adhesive layer between the 

two.9 Figure 22a illustrates the resistance at room 

temperature of the stretchable thermal sensor as a 

(a) (b) 

(c) (d) 

(e) 



 

function of the applied strain. From a range of 0 – 30% 

strain, the resistance is invariant with strain, verifying the 

efficacy of the system as a conductor capable of 

withstanding strain without significant deviation in 

material property. Figure 22b demonstrates the 

functionality of the temperature sensor over a range of 

strain, showing a linear relationship between electrical 

resistance, with no hysteresis for the relationship 

between resistance and strain. These results highlight the 

potential of utilizing the temperature dependence of 

various materials for temperature sensing applications. 

 More sophisticated systems for temperature sensors 

have been developed following this principle of 

temperature dependence of resistivity. Someya et al. 

demonstrated flexible thermal sensors in conjunction 

with organic transistor active matrices for data readout.10 

Organic diodes were fabricated on and ITO on PET film, 

with 30 nm of the p-type semiconductor 3,4,9,10-

perylene-tetracarboxylic-diimide (PDCDI) deposited, 

followed by gold cathode electrodes.10 The thermal 

sensing diode was laminated on the transistor with silver 

paste patterned by a microdispenser, and was integrated 

in a network with pressure sensors to be able to 

simultaneously obtain distributions of both pressure and 

temperature.  

Thermal sensors have also been fabricated in stretchable 

systems, with several of these stretchable polyaniline 

nanofiber temperature sensor sensors utilizing  

 

Figure 22: Performance of a stretchable temperature 
sensor. (a) Resistance of a stretchable temperature sensor 
under continuous strain at room temperature and a strain 
step of 2.25% showing high electrical stability in response to 
strain. (b) Electrical resistance as a function of temperature 
at a applied strain of 0, 5, ad 10%. Reprinted with permission 
from ref. [9]. Copyright [2009] American Institute of Physics. 

AgNWs for various applications. Hong et al. fabricated a 

array with an active matrix design of SWCNT TFTs, with 

a detailed schematic of the fabrication process depicted 

in Figure 23a and Figure 23b.12 The integrated device 

consists of SWCNT TFTs and polyaniline nanofiber 

temperature sensors fabricated through electrical 

polymerization on PET films, connected with stretchable 

interconnections of Galinstan, a eutectic liquid metal 

alloy.12 AgNW stickers comprising AgNWs embedded in 

(a) 
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PDMS were used as a contact layer between the 

temperature sensor and liquid metal interconnect, and to 

protect sensors from external impact due to their robust 

mechanical properties. The active circuit design is 

illustrated in Figure 23c. With this material, the thermal 

sensor was able to be thermally stable and accurately 

measure temperatures between 15 to 45 °C, with no 

hysteresis observed, and a linear resistance dependence 

on temperature. In addition, the sensor could be biaxially 

stretched up 30% without change in performance. The 

efficacy of the temperature sensor in its stretched and 

unstretched condition was verified through the 

fabrication of a 5 x 5 pixel array. Due to the stretchability 

of the sensor array, and the sticky nature of the Ecoflex 

substrate, the stretchable sensor easily conformed to the 

hand, with a heart shaped aluminum container filled with 

water at 15 °C placed on top of the sensor. Optical images 

taken before (Figures 23d – 23e) and after (Figures 23h- 

23i) stretching illustrate optical images of the sensor, in 

addition to normalized drain current and temperature in 

the unstretched and stretched state, respectively. Due to 

the ability of the sensor to conform to the palm, in 

addition to the invariance of performance upon 

stretching, this stretchable sensor illustrates its potential 

for attachable electronic skins.  

Yan et al. embedded AgNWs as electrodes in conjunction 

with graphene detection channels to develop intrinsically 

stretchable thermistors capable of stretching up to 

50%.278  These electrodes and detection channels were 

embedded in PDMS to achieve high intrinsic 

stretchability without sacrificing thermal sensing 

properties. Unlike the previously mentioned thermal 

sensors which were able to sense temperature without a 

dependence on strain,9,10,12 the thermistors developed in 

this study are limited to applications where no variations 

in strain are present. However, this limitation 

simultaneously opens up new possibilities. The 

dependence of temperature on resistivity was found to be 

non-linear, and described with the following

equation:278,279  

𝑅𝑅 = 𝑅𝑅0 exp � 𝐸𝐸𝑎𝑎
2𝑘𝑘𝑘𝑘

� = 𝑅𝑅0 exp �𝐵𝐵
𝑇𝑇
�                 (1)                                           

where R denotes the resistance at temperature T, R0 the 

resistance at T = ∞ , Ea the activation energy, k the 

Boltzman constant, and B the thermal index. This 

equation can be written in linear form as:278 

ln(𝑅𝑅) = ln(𝑅𝑅0) + 𝐸𝐸𝑎𝑎
2𝑘𝑘𝑘𝑘

= ln(𝑅𝑅0) + 𝐵𝐵
𝑇𝑇
                 (2) 

If the temperature coefficient of resistance (TCR) is 

defined as:278,280 

𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 

1
𝑅𝑅

                                         (3) 

then Equation 2 and Equation 3 can be combined to 

yield:278 

𝑇𝑇𝑇𝑇𝑇𝑇 = − 𝐵𝐵
𝑇𝑇2

                                        (4) 

Equation 3 highlights the dependence of TCR on 

resistance, which, as the resistance changes with strain, 



 

demonstrates the dependence of TCR on the mechanical 

deformation of the device. Equation 4 reveals that as the 

thermal index B is an indicator of thermal sensitivity, this 

thermistor developed by Yan et al. has tunable thermal 

sensitivity depending on strain. As different values of B 

can lead to varying importance for different applications, 

such as low B values being used in circuit temperature 

compensation at low temperatures and high B values 

more suitable for high-temperature sensing,278,281 this 

stretchable graphene thermistor represents electronic 

skins that can be mass produced in a ‘one size fits all’ 

manufacturing process, but be effectively tuned for 

various applications depending on different 

requirements.  

Trung et al. developed a fabrication process for fully 

elastomeric and stretchable temperature sensor arrays 

that could be integrated with a strain sensor for increased 

functionality.11 The sensor (shown as a schematic in 

Figure 24a) was fabricated with PEDOT:PU dispersion 

composite as the source, drain, and gate, PU as the 

dielectric, reduced graphene oxide (R-GO) / PU as a 

temperature-responsive channel layer, 

AgNW/PEDOT:PSS/PU dispersion as a strain sensing 

layer, and PDMS as the substrate.11 In addition to being 

fully transparent and elastic, all materials were deposited 

through spin-coating, allowing for a potentially low-cost, 

scalable fabrication method. Compared with the 

temperature sensors mentioned previously,12,278 this fully 

intrinsically transparent and stretchable temperature 

sensor exhibited the highest strain at 70%, and a high 

sensitivity of 1.34% resistance change per °C.11 As an 

example of the high sensitivity of the device, temperature 

fluctuations as small as 0.2 °C could be detected, making 

the easily conformable sensor an ideal candidate for 

monitoring the temperature of human skin. As a proof of 

concept of the efficacy of these devices for electronic skin 

applications, a stretchable strain sensor was vertically 

integrated with the temperature sensor on the top side 

(Figure 24b), and attached on a human neck and arm to 

monitor temperature changes and muscle movements 

during consumption of a warm liquid and working out, 

respectively. As seen from Figure 24c and Figure 24d, 

the device was able to simultaneously resolve both 

temperature and strain during the consumption of a hot 

liquid. The temperature measured from the device before 

and after drinking was 33.2 °C and 34.1 °C, respectively, 

corroborated by the 33.24 °C and 34.22 °C measured 

through an IR camera (Figures 24e, 24f).11 When the 

sensor was applied to a human bicep during dumbbell 

curls, the device measured an increase in temperature 

(Figure 24g) before workout to after workout from 31.7 

°C to 32.6 °C, confirmed by an IR camera (Figure 24i, 24j) 

reading 31.97 °C and 32.79 °C. This increase in 

temperature is due to the release of heat to control body 

temperature.11 The strain induced in the bicep workout 

can be seen in Figure 24h. As illustrated by this proof of 

concept demonstration, in addition to the high 

sensitivity, multi-functionality, and high strain the device 

can be subjected to, fully elastic devices have a great 



 

potential to be used for electronic skin applications.  

In the case of temperature sensors, the sensing modality 

relies on the temperature dependence of resistance for 

various materials. As in the case of pressure sensing, the 

amalgamation of various stretchable materials can 

cumulate in high sensitivity, high performance 

temperature sensors. In some cases, these temperature 

sensors can be endowed with additional sensing 

mechanisms to act as a multifunctional device more 

closely mimicking real human skin.10,11 Furthermore, this 

section highlighted the plurality of uses for silver 

nanowires, ranging from electrodes,278 to connection 

pads,12 to the sensing layer.11 

3.1.3. Touch sensor 

While touch sensors are most commonly associated with 

display devices such as cell phones, tablets, and laptops, 

when integrated with electronic skins, these devices 

allow for the visualization of the interface between 

human and machine interaction. Although touch sensors 

have been touched upon briefly in passing in discussion 

of multifunctional sensors,274 an in-depth presentation 

has not yet been made, and will be elucidated upon in 

this section of the Review.  

Though iterations of touch sensors relied primarily on 

resistive sensing,282–284 most widely used commercially 

today are based on capacitive touch sensing due to their 

durability, optical clarity, and multi-touch capability.13 

The operating principle of a capacitive touch sensor is 

based on drawing charge with a conductor, such as a 

human finger. In an untouched state, a uniform voltage 

is applied throughout the capacitor, generating a uniform 

electrostatic field throughout. When touched, the touch 

point becomes grounded, generating a potential 

difference between the touch point and the bottom 

electrode, which induces a current flow from electrode to 

finger.  

In a touch sensor that also supports multifunctional 

capabilities of strain and pressure sensing, Cotton et al. 

fabricated parallel plate capacitors using 50 nm gold films 

as the electrodes sandwiching a PDMS membrane. The 

initial sensor capacitance was measured to be 409 fF, 

which drops by ~100 fF upon finger touch, demonstrating 

the ability to, at the very least, register human touch.285 

Due to the capability to measure strain and pressure as 

well, this touch sensor was able to operate under 

mechanical strain. Within this last year, Li et al. 

fabricated a multicolor hyperelastic light emitting 

capacitor for use as a multipixel color display and 

multipoint touch sensor capable of biaxial stretching up 

to 200%.286 The light emitting component was fabricated 

by premixing ZnS phosphor powders with silicon gels, 

and using photopatterning and transfer printing 

techniques to obtain red, green, and blue pixels on a 

single substrate.286 The top layer was encapsulated with 

Ecoflex, and the resulting pixel sheet and sandwiched 

between rows of ionically conducting hydrogels also 

encapsulated with Ecoflex to form the 



 

 

 

Figure 23: Stretchable active matrix temperature sensor array of polyaniline nanofibers. (a) Fabrication process for the 
stretchable active matrix temperature sensor array. (b) Assembly of prepared layers for the fabrication process. (c) Circuit diagram 
of the stretchable active matrix sensor array. (d) Optical image of temperature array on a human palm with a heart shaped cold 
water container at 15 °C. (e) Normalized drain current. (f) Corresponding mapping of temperature from the normalized drain 
current. (g), (h), (i) Corresponding images to (d), (e), (f), respectively, under the stretched condition. Adapted and reproduced 
with permission from ref [12]. Copyright [2015] Wiley-VCH. 
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Figure 24: Transparent and stretchable temperature sensor. (a) Schematic of device structure of the transparent and 
stretchable sensor. (b) Schematic of integrated temperature and strain sensor. (c) Neck skin temperature during consumption of 
hot beverage. (d) Corresponding strain associated with consumption of hot beverage. (e), (f) IR thermograms of neck before and 
after consumption of hot beverage. (g) Bicep temperature during working (h) Corresponding strain associated with bicep workout. 
(i), (j) IR thermograms of bicep before and after workout. Adapted and reproduced with permission from ref [11]. Copyright [2015] 
Wiley-VCH. 
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conductor. In addition to being able to form dynamic, 

multicolored patterns under various deformation, the 

touch interface was able to also identify the exact 

locations of both single and multipoint touch inputs at 

strains of ε = 0, 100, and 200%.286  

Due to their optoelectronic properties, silver nanowires 

have also been featured frequently in reports of touch 

sensors.13,287 Hu et al. demonstrated stretchable pressure 

sensors using AgNW/PU variable capacitors that could 

simultaneously sense touch by changes in the 

capacitance of each pixel capacitor and the fringing 

capacitance directly above the capacitor. The Pei group 

demonstrated a healable touch screen sensor based on a 

furan/maleimide Diels-Alder cycloaddition polymer 

discussed previously.14 Though the stretchability of the 

touch sensor was not analyzed in this work, the polymer 

was based on a stretchable conductor previously reported 

by the author.27 Because details of the self-healing 

polymer has been previously detailed in this Review, the 

technical details behind the chemistry involved will not 

be repeated here. The healable capacitor was fabricated 

in a capacitive touch sensor by stacking row and column 

electrodes at a 90° angle to form an array of 8 x 8 sensing 

points, with each point the intersection of a row and 

column electrode. As a proof of concept, the healable 

capacitive array was used in conjunction with a touch 

screen control system to draw a smiley face on the LED 

array, as illustrated in Figure 25.  

 

Figure 25:  Optical photographs of the healable touch sensor. (a) Photographs of the operation of the healable touch sensor. 
(b) Photographs of the healing of the touch sensor. (left) before electrical disruption of the touch sensor; (middle) after cutting 
down the red line; (right) after healing the touch sensor. Reprinted with permission from ref. [14]. Copyright [2014] American 
Chemical Society 

Figure 25a demonstrates the operation of the touch 

sensor: when in contact with a human finger, the 

capacitor terminated by the finger is able to draw charge, 

leading to underlying touch screen control system to 

light a green LED. In Figure 25b, a razor blade is used to 

cut along the dotted red line in the middle figure. This 

physical damage done to the touch sensor disrupts the 

electrical network, preventing half of the smiley face from 

(a) 

(b) 
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lighting up. However, after heating the touch sensor at 

80 °C for 30 seconds, following by cooling again, the 

electrical network is healed, leading to the formation of 

the smiley face once again.  

Touch sensors are an integral component of our modern 

electronics. Though there is not a completely analogous 

counterpart for human skin, the reading and 

visualization of data that touch sensors enable render 

this sensing mechanism one critical component of 

electronic skin. Moreover, it provides another dimension 

of the human-machine interaction that is poised to 

change in the upcoming years with further development 

of these elastomeric skins.  

3.2. Dielectric elastomer actuators  

Though dielectric elastomers have been utilized for 

several applications, the scope of this Review will be 

limited to applications related to wearable and electronic 

skin technology. For a more thorough and 

comprehensive review on dielectric elastomer materials 

and dielectric elastomer devices, the reader is referred to 

reviews authored by Brochu et al,32 Anderson et al.,40 and 

Carpi et al.250  

Dielectric elastomers have directly been utilized in some 

of the sensing technologies described previously. A 

capacitive strain sensor was fabricated using a silicone 

dielectric elastomer sandwiched between carbon 

nanotube composite electrodes, with the functionality of 

the sensor similar to elastomeric capacitors described in 

aforementioned sections.288 In addition, the same group 

demonstrated ‘touch screens’ for the visually impaired, 

using a bistable electroactive polymer to fabricate 

refreshable Braille displays.225,289,290  

However, due to their inherent nature of actuation, 

dielectric elastomers may possess a distinct advantage in 

soft robotics, which may be a more compelling use case 

for this technology. Shian et al. illustrated a number of 

gripper actions allowed though the incorporation of stiff 

fibers in voltage actuated dielectric elastomer beams.39 

The use of stiff fibers was found to break the symmetry of 

the electrically induced deformation to program a 

direction of shape change to allow a gripping motion. 

Using a cylindrical actuator comprising an elastomer 

sleeve attached to a series of stiff rings, an axial actuator 

was demonstrated as the stiff rings constrain the 

expansion of the elastomer. This axial actuator can be 

seen to conform and grip both a cylinder and a grape, as 

can be seen in Figure 26a. Kofod et al. also demonstrated 

a gripper, using a three-clawed structure which opens 

upon application of a voltage and contracts upon removal 

of voltage to pick up, deliver, and drop a cylindrical object 

(Figure 26b).291  

Full-fledged robots have also been developed on the basis 

of dielectric elastomer technology. Pei et al. 

demonstrated a walking six-legged robot based on 

multifunctional electroelastomer rolls that combine load 

bearing, actuation, and sensing functions.292 This six-

legged robot inspired by biological systems was capable 

of moving at a speed of 7 cm/s.292 A robotic 
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Figure 26:  Optical photographs of the actuation of 
dielectric elastomer grippers. (a) Photographs of an axial 
actuator relaxed (left); gripping a cylinder (middle); and 
gripping a grape (right). (b) Photographs of a three clawed 
gripper under contraction (right); relaxed under application 
of 3.0 kV voltage (middle), and contracted gripping a 
cylinder (right). Adapted and reproduced with permission 
from refs [39,291]. Copyright [2015, 2007] Wiley-VCH and 
American Institute of Physics. 

system designed to arm wrestle a human was also 

prototyped at the EAPAD conference in 2005.293 The 

rotary motion of the arm was actuated with dielectric 

elastomer actuators, and demonstrates the potential of 

these materials for both artificial muscles and for robotic 

applications. In addition to land-based robots, these 

dielectric elastomer based robots may one day take to the 

sky as well. Zhao et al. developed a prototype of a rotary 

joint for a flapping wing actuated by dielectric elastomer 

that may one day enable long distance, robotic flights.294 

Waché et al. demonstrated rotary motion with a torsional 

dielectric elastomer actuator design that could one day 

be applied for flight.295  

In addition to robotics, due to the artificial muscle-like 

nature of dielectric elastomers, their incorporation for 

biological applications should be expected. McCoul et al. 

demonstrated the use of a biomimetic dielectric 

elastomer tubular actuator capable of controlling 

hydraulic flow by pinching a secondary silicone tube shut 

in the absence of a fluidic bias or voltage.296 

Figure 27: Visual characterization of the dielectric elastomer valve. (a) 0 applied bias, o mL h-1 flow. (b) 0 applied bias, 40o 
mL h-1 flow. (c) 3.2 kV applied bias, 40o mL h-1 flow. (d) – (f): side views of (a) – (c) Adapted with permission from ref [296] Copyright 
[2015] IOP Publishing.   
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The operation of this actuator acting as an artificial vein 

is illustrated in Figure 27, where the flow of a red dye was 

controlled through an applied bias. This capability of 

controlling fluid flow can be applied for potential bio-

inspired applications such as artificial veins or 

implantable artificial sphincters. These examples of 

dielectric elastomer actuators highlight the potential of 

this technology for use in robotic applications. By having 

properties that mimic the natural properties of muscles, 

in addition to the ability to actuate in pre-programmed 

shapes and directions, dielectric elastomers represent a 

cost effective, lightweight, energy efficient technology.   

3.3. Conclusion  

The field of stretchable electronics has grown at a 

spectacular pace with the development of stretchable 

materials. The development of these new materials has 

enabled a whole new generation of devices, previously 

only imagined as futuristic, radical extensions of science 

fiction, or pie in the sky conceptual ideas. With these soft 

sensors and actuators, our concept of modern electronics 

can be expected to make a paradigm shift in several fields 

and industry, including wearable health and fitness 

trackers, large-scale, display-based consumer electronics, 

military and robotics, and energy generation and storage 

applications. More specific to this Review, with the 

continued development of electronic skins and soft 

robotics, we are poised to make a radical shift in the way 

we view and interface with our electronics. This Review 

uncovers but just a sliver of the potential that this new 

generation of electronics may possess. While major 

challenges still exist, such as materials properties at 

large-strain deformations, reliability and fatigue after 

repeated deformation, the future of next generation 

electronics looks not only bright, but stretchable as well. 
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