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Abstract Flexible electronics incorporate all the func-
tional attributes of conventional rigid electronics in formats
that have been altered to survive mechanical deformations.
Understanding the evolution of device performance during
bending, stretching, or other mechanical cycling is, there-
fore, fundamental to research efforts in this area. Here, we
review the various classes of flexible electronic devices
(including power sources, sensors, circuits and individual
components) and describe the basic principles of device
mechanics. We then review techniques to characterize the
deformation tolerance and durability of these flexible
devices, and we catalogue and geometric designs that are
intended to optimize electronic systems for maximum
flexibility.

Introduction

The development of flexible electronics has received con-
siderable attention recently, as R&D efforts in this area are
ultimately expected to facilitate extremely valuable device
applications. Researchers are now frequently describing
devices or techniques that pave the way toward con-
formable sensors for health-care applications, electronic
skin for versatile and adaptable robots, or flexible
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analogues of conventional consumer electronics such as
e-readers, mobile phones, or televisions. Some recently
published images representing a diverse range of these
flexible devices are collected in Fig. 1.

Because the range of applications is extremely broad,
device flexibility requirements are quite varied. In some
cases, extremely high strain implementations are antici-
pated, including sensing/communications devices inte-
grated directly onto skin or other organs (e.g. the devices in
Fig. 1b, d) or electronics embedded into clothing or other
textiles. In other applications, small but repetitive strain
cycles are expected, while a different range of applications
require tolerance of moderate one-time strains. Even if the
electronics are intended to be used while firmly fixed in
place, they must still be able to withstand various stresses
and strains inherent to their manufacturing process or
deployed location, such as bending deformation in a roll-
to-roll manufacturing line, thermal expansions from vari-
ations in ambient temperature, or abrasion as a result of
weathering or user handling. This evidence all points
toward a need for high-quality R&D directed specifically
toward improving the strain tolerance of electronic mate-
rials and devices.

Flexible devices must be capable of undergoing defor-
mation and at the same time the functional properties and
electronic performance parameters must be unaffected by
the strain process. The electrical resistance of a flexible
electrode, for example, should be low before, during and
after a deformation cycle, while the power conversion
efficiency of a flexible solar cell should be large throughout
an entire strain process. Similarly, for devices that actively
measure strains or harvest energy from strain (strain sen-
sors and piezoelectric generators, for instance), the
response to strain should be consistent throughout the
entire device lifetime.
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Fig. 1 Examples of flexible electronic devices, including a an array
of flexible pressure sensors (reproduced with permission) [1], b a
piezoelectric energy harvester integrated with a bovine diaphragm
(reproduced with permission) [2], ¢ a twistable LED array

It should also be noted that the term flexible can refer to
tolerance of a range of different mechanical deformation
modes. At the dawn of the research field, “flexible elec-
tronics” usually indicated bendable versions of planar
electronics. More recently, foldable, stretchable and
twistable modes have also been enabled through advanced
device designs, with the current state-of-the-art represented
by three-dimensional, non-planar geometries. All of these
deformation modes are relevant to the present review, and
we will use the term “flexible electronics” to broadly
represent devices that accommodate any of these
mechanical deformation modes. To evaluate flexibility or
strain tolerance, researchers rely on a wide range of tech-
niques such as cyclic testing in bending or stretching
modes, scratch testing, or peel testing. Each of these
characterization techniques reveals different information
about the mechanical reliability of the materials and
devices. It is the intention of this paper to review these test
procedures and catalogue the progress researchers have
made to maximize the durability of materials and devices
as measured by each of these mechanical characterization
techniques.

The review is organized as follows: we begin by sur-
veying materials, devices and fabrication techniques to
introduce the subject matter. Because considerable review
material already exists in these areas, we provide only an
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(reproduced with permission) [3] and d a stretchable and skin-
mountable physiological measurement device (reproduced with
permission) [4]

overview and, wherever possible, direct the reader toward
additional information. We then outline basic concepts in
mechanics that pertain to flexible or stretchable devices.
We write to target the non-expert and provide the basis for
understanding of the topics in subsequent sections. Fol-
lowing this, we review in detail the types of mechanical
tests that are performed to evaluate the strain tolerance of
materials and devices. We discuss the equipment required
to perform each characterization process, and we overview
measured results for a variety of flexible electronic devices
(as organized by the mechanical characterization technique
rather than by device type). Because mechanical mea-
surements go hand-in-hand with efforts to improve device
longevity, we also discuss ongoing research activities that
are specifically directed toward improving the durability of
flexible electronic devices.

Materials, applications and fabrication techniques
Conductors, semiconductors and insulators

The basic building blocks for electronic components are
electrical conductors, semiconductors and insulators, and

many research efforts have been made to identify flexible
or stretchable materials in each of these categories [5].
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Metals are the best known electrical conductors. In high-
performance electronics applications, the conductivity of
metallic films (¢ ~ 10* — 10° S/cm) is highly advanta-
geous (possibly even essential), and these materials are
often capable of withstanding modest bending-mode
deformations [6]. Metallic films can be applied and pat-
terned either in a conventional process involving vapour
deposition followed by photolithography [6], or by printing
a nanoparticle-loaded ink and sintering to form an elec-
trically continuous film [7, 8]. The key challenge in the
latter case has been developing sintering conditions that are
compatible with plastic substrates.

In applications demanding stretching or large-scale
bending, however, metal films are often found to be
mechanically inadequate [9—13], and this has led to the
development of several alternative geometries and mate-
rials [14]. For instance, gallium/indium mixed in propor-
tions near the eutectic point (known as eGaln) is a metallic
conductor that is also a liquid at room temperature [15].
Electrical conductors incorporating eGaln or other liquid
metals are capable of tolerating large deformations without
suffering a noticeable loss of electrical conductivity [15—
19], but on the other hand complex fabrication strategies
are often required, and strain-tolerant encapsulation to
prevent leakage is certain to be an issue.

Percolated networks of conducting nanowires (NWs) are
also used to form strain-tolerant films for electronics
applications. With this design strategy, large quantities of
high-aspect ratio conductors are cast onto a substrate to
form a continuous network that is either randomly arranged
or guided with an aligning field [6, 20-22]. Junctions
between NWs increase the electrical resistance of the
network, but because free volume exists around the elec-
trically conducting network, NW meshes are able to
accommodate mechanical strain by hinging/sliding at
points where individual NWs intersect one another [23].
These percolated networks also have the added advantage
of redundant pathways for charge transport. If links are
damaged within the conducting network, charge is redi-
rected to neighbouring links without isolating large sec-
tions of the device. Electrically conducting films of this
nature have been formed in a variety of materials including
carbon nanotubes (CNTSs) [6, 24, 25], silver nanowires [9,
26, 27] and copper nanowires [9, 28]. A comprehensive
review of this topic is given in a recent publication by Yao
and Zhu [29].

Polymeric materials that naturally have some degree of
mechanical compliance can also be employed to form
strain-tolerant electrical connections. Several strategies are
available to ensure both electrical conductivity and
mechanical durability coexist in the same material. These
include loading a mechanically compliant, non-conducting
elastomer with electrically conducting fillers such as metals

or carbon [10, 11, 30-32], or choosing, and appropriately
doping, a m-conjugated polymer [9, 33-35]. The first
approach has a long history, with the concept of “con-
ductive rubbers” dating back to the 1950s [32]. The
modulus of these composites can be predicted using
models such as the Halpin—Tsai model [36, 37], taking into
account the mechanical properties of both the matrix and
filler materials, the volume fractions, the filler dispersion,
the shape of filler particles and the alignment of filler
within the matrix. With sufficient loading (i.e. above the
percolation threshold), the fillers (most commonly car-
bonaceous particles) tend to dictate the electrical properties
of the composite. Numerous applications of these con-
ducting composites have been identified including dissi-
pation of static charge and electromagnetic interference
shielding; however, the conductivity of carbon-filled rub-
bers has historically been too low (<0.1 S/cm) for most
electronics applications [10]. With the development of
nanofillers such as carbon nanotubes or other NWs, how-
ever, reduced loading is often required to achieve perco-
lation, and conductivities in excess of 100 S/cm are now
being measured [10].

Conjugated polymers such as polypyrrole, polyaniline or
polythiophenes are also used in flexible electronics appli-
cations [9, 11, 33-35, 38-40], and in many cases com-
posites (conducting polymers loaded with nanotubes, for
instance) are also formed to further tailor mechanical or
electrical properties [11]. Presently, the key organic
material is the polythiophene derivative poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate), or PED-
OT:PSS [41]. This material is typically cast from an
aqueous suspension, and additives including small polar
molecules or surfactants have been included to improve
conductivity [9]. The best conductivities attained with
these materials are greater than 1000 S/cm, and processing
is performed from solution, which is an advantage when
high-volume manufacturing in considered. On the other
hand, it is important to be aware that the use of polymeric
materials does not necessarily ensure favourable mechan-
ical properties, and moreover conducting polymers do tend
to have considerably lower electrical conductivity and
stability than metallic conductors [25].

Graphene has also been utilized as an electrical con-
ductor in applications requiring mechanical deformations
[24, 42]. The material is intrinsically strong and flexible
[43], and it has fairly low resistance in an undoped state
(~6 k&/OJ for an undoped monolayer). The conductivity
can, moreover, be further improved through electrostatic or
chemical doping to increase the charge carrier concentra-
tion. The highest performance graphene tends to be pro-
duced by mechanical exfoliation of bulk graphite or in
chemical vapour deposition reactions. The former, how-
ever, is not considered to be easily scalable to high-volume
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manufacturing, while the latter is not directly compatible
with plastic substrates and requires a transfer step [44]. An
alternative, high-volume technique that may be advanta-
geous for flexible electronics applications is chemical
synthesis and printing directly from solution [45].

Transparent conductors make up an important subset
within the materials for flexible electrical conductors [9,
25, 46-49]. All of the mechanical and electrical require-
ments for flexible conductors must still be satisfied, while
provisions for light transmission must also be engineered
into the material [25]. The spectral range for transparency
is determined by the intended application: for example,
displays require good transparency across the wavelengths
visible to the human eye (400-700 nm), whereas solar cells
require broader transparency as weighted by the power of
the solar spectrum and the absorbance of the photoactive
layer. Thin metal films, conductive rubbers and most 7-
conjugated polymer systems tend not to meet the necessary
performance standards for transparent conductors, while
graphene, several percolated NW systems and PEDOT:PSS
appear to be well suited. At present, the materials most
commonly used in these applications are the transparent
conducting oxides (TCOs) such as indium tin oxide (ITO)
[47, 48]. These materials are well known to be quite brittle,
but in applications requiring only moderate flexibility, the
device geometry can be designed to allow TCOs to be
included.

Many of the strategies used to fabricate flexible or
stretchable conductors can also be adapted to form flexible
semiconductors [9, 11, 20, 21, 46]. Both semiconducting
NWs [22, 46, 50] and semiconducting organics (polymers
and small molecules) [11, 35, 38, 39, 51, 52] have been
synthesized and cast from solution for flexible electronics
applications. The carbon nanomaterials (graphene and
CNTs) have also been used successfully, although in this
case it is often necessary to include a dedicated processing
step to ensure semiconducting behaviour (e.g. removing
metallic CNT links) [6, 24, 42, 53]. Despite this range of
materials, the formation of deformation-tolerant semicon-
ductors with good electronic properties does tend to rep-
resent a considerably more difficult problem than the
formation of strain-tolerant conductors. Even organic
semiconductors often degrade markedly under strain [54,
55], and some results reveal correlations between charge
carrier mobility and elastic modulus [56], or solar cell
performance and elastic modulus [57]. This behaviour is
thought to be mediated by molecular order and crys-
tallinity, which generally facilitate good charge carrier
mobility while simultaneously stiffening the materials.
This implies that flexibility and favourable electronic
properties are inversely related for organic semiconductors
[58, 59]. It is also notable that conventional semiconductor
materials, such as silicon or III-V materials, have been
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revisited as key components for flexible electronics. Their
utilization is usually accompanied with advanced designs
that will be discussed later in the review. Also, in the case
of flexible solar cells, perovskites are particularly important
light-absorbing semiconductors [60, 61].

Flexible insulators tend to be discussed less often in the
literature than conducting or semiconducting counterparts,
but they are no less critical to the successful operation of
several electronic devices. Because field-effect transistors
(FETs) demand the most specific functional properties,
flexible insulators are usually reviewed in the context of
these FET applications [6, 24, 51]. From this standpoint, an
ideal insulator is mechanically compliant, can be deposited
at low temperature without vacuum techniques, has a large
dielectric constant (x) and forms a continuous, pinhole-free
dielectric at low thickness. The ceramic oxides such as
SiO, and the “high-x” dielectrics, ZrO,, TiO,, HfO, and
Al,O3, developed for conventional rigid electronics gen-
erally achieve the best electronic performance, but they
also tend to be brittle. In applications requiring only
modest flexibility, devices incorporating these oxides can
achieve acceptable flexibility with careful design of the
geometry, but if large, repeated deformations or stretcha-
bility is necessary, then polymeric dielectrics are generally
employed. Many polymeric materials can be deposited
from solution by spin-coating or printing, and inexpensive
materials such as polydimethylsiloxane (PDMS), poly-
methylmethacrylate (PMMA) or polyimide (PI) have been
successfully used in FET applications. Another material,
parylene-C, can be deposited from the vapour phase,
forming highly conformal coatings. Because polymers with
various chemical compositions are available, the designer
can exercise considerable freedom in choosing organic
insulators with the best possible compatibility (i.e. solu-
bility, wettability, thermal behaviour, etc.) with other
materials in the device stack. Hybrid gate insulators that
include both high-x oxides and polymers have also been
demonstrated on plastic substrates, and the associated FET
devices had excellent electronic properties coupled with
flexibility [62].

Not to be neglected, barrier layers are often included in
flexible electronics systems to prevent diffusion of gases
into the device and the associated degradation of the
electronic materials [63]. Often encapsulating the elec-
tronics system, these materials can be subjected to high
strain and/or abrasion and must be carefully chosen to
withstand their mechanical environment.

Substrates
Substrates are also a critically important consideration as

their mechanical properties can dominate those of the
integrated system. The materials can generally be grouped
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into three broad categories: plastic films, metal foils and
fibrous materials (including paper and textiles).

Plastic films are the most common flexible substrates
noted in the literature [9, 11, 64-70]. Properties vary
considerably from material to material, but in general
plastic films tend to be relatively inexpensive and light-
weight, making them well suited to high-volume manu-
facturing. Some key materials include polyethylene
terephthalate (PET), polyethylene naphthalate (PEN),
polycarbonate (PC), polyethersulfone (PES), polyimide
(PD) and polyarylate (PAR); many other options are also
available as necessary. Because the material properties
vary greatly, it is important to consider thermal stability,
mechanical stability, solvent resistance, surface energy/
wettability, diffusivity, optical clarity, surface smoothness
and cost to effectively guide the selection of substrates for
any given application [70]. A good discussion of process-
ing temperatures can be found in the review by Fortunato
et al. [65]. This publication also discusses the important
issue of device deformation induced by mismatching
coefficients of thermal expansion for plastic substrates and
typical device materials.

In applications where stretchability is important, most of
the materials noted above are abandoned in favour of
highly compliant elastomers such as polydimethylsiloxane
(PDMS), polyurethanes, or the multiblock copolymer
styrene ethylene butadiene styrene (SEBS) [9, 11, 71].
Cotton et al. demonstrated that the mechanical properties
of PDMS could be photopatterned to locally soften the
substrate in regions intended to support interconnects
rather than rigid components [72]. In another interesting
approach, stretchable devices were also formed on non-
elastomeric substrates by cutting a strain-relieving pattern
into the substrate [73]. With these perforated substrates,
hole shape dynamically varies to accommodate tensile
strain.

Metal foils are commonly introduced when high-tem-
perature processing is a requirement [64, 66, 68]. As sub-
strates, metals tend to be relatively temperature resistant,
and they are also excellent electrical and thermal conduc-
tors, good barriers against the diffusion of water and oxy-
gen, and relatively resistant to most solvents. Stainless steel
represents the leading material, but other options (such as
titanium or copper foils) are also available if particular
attributes of these metals are advantageous. The weight of
metal foils is a key disadvantage, and the materials also
tend to be more expensive and less flexible than plastic
substrates.

Due to its extremely low cost, many researchers also
endeavour to use paper as a substrate for electronic com-
ponents and circuits [33, 74, 75]. Paper is inexpensive
(~10 ¢/m?), even when compared against commodity
plastics such as PET (~2 $/m?. Bulk paper does,

however, have a range of drawbacks when electronics
applications are considered: water and other solvents can
be absorbed by the material and may affect the electronic
components, the surface is generally rough making device
fabrication challenging, and light scatters from surface
irregularities which may rule out some applications. Most
of these issues can be addressed with chemical treatments,
but these treatments do add cost to the manufacturing
process. Nevertheless, the potential for extremely low-cost
manufacturing means that paper cannot be discounted as a
substrate material.

Many of the challenges associated with paper substrates
also extend to devices intended to be integrated with
clothing or other textiles [75-80]. Economically, these
substrates are important as the market for clothing with
integrated electronics is ultimately expected to be large.
Researchers are, however, facing numerous challenges. For
example, textiles are composed of numerous individual
fibres, making fabrication of surface-mounted devices
difficult, and most textiles are also capable of transmitting
air and absorbing large amounts of water which can affect
electronic components both chemically and mechanically.
Typical human interactions with clothing are also impor-
tant: the clothing must be washable, and the integrated
electronics should be sufficiently compliant that they not
only survive mechanical deformation, but feel comfort-
able to the wearer (imagine sitting on a fold). One useful
advantage of textiles with respect to the integration of
electronics, however, is that fibres themselves can be ren-
dered electrically conducting by blending in conducting
components [75, 78, 81].

Applications: discrete devices and integrated
systems

Using the set of basic materials described above, a wide
array of passive and active flexible electronic components
may be fabricated, and these discrete devices can be
arranged to form power supplies, sensing platforms or
complete electronic systems. Flexible thin-film transistors
(TFTs) are key components in many of these systems, and
generally field-effect transistors that are utilized in con-
temporary applications [6, 21, 24, 46, 65, 66, 82—85]. In the
most common implementation, FETs are three-terminal
devices that operate based on modulation of the electrical
conductivity in a patterned semiconductor “channel”.
Electrical current is injected into and extracted from the
channel at high-conductivity electrodes denoted the
“source” and “drain”, while the conductivity of the
channel is determined by the voltage at a “gate” electrode.
The gate is separated from the source, drain and channel by
a “gate insulator”, but it is capacitively coupled to the
channel such that the concentration of charge carriers in the
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channel is directly tied to the gate voltage. Varying this
voltage, therefore, adjusts the current flowing between
source and drain. These devices act as switches or ampli-
fiers in electrical circuitry, and stimulus-responsive gates
can also form the basis of sensing devices. Some of the key
parameters that describe FET performance are the charge
carrier mobility (u), ratio of currents in the on/off states
(Ion/Iofr), threshold voltage (Vy,) and the “subthreshold
slope” which describes how readily the device switches
between on/off states in response to small variations in gate
voltage. In a deformation-tolerant TFT, the high-conduc-
tivity electrodes, the semiconducting channel and the gate
insulator must all be capable of withstanding mechanical
deformation. Generally, flexible FETs based on inorganic
semiconductors, including silicon, have the best measured
electronic performance parameters, although steps must be
taken to ensure that deformation tolerance is accept-
able and fabrication temperatures are compatible with
flexible substrates [46, 65, 82, 86, 87]. Devices based on
both organic materials [51] and carbon nanomaterials
(CNTs and graphene) [6, 24] have also been fabricated, but
in the former oxidation-induced degradation is problematic
and performance metrics tend to be lower than for inor-
ganic materials, while in the latter achieving appropriate
electronic properties (i.e. separating semiconducting from
metallic CNTs, or engineering graphene with an appro-
priate bandgap) can be challenging.

Memory elements are also critical components of many
electronic devices, as they are used to store data and pro-
gramming information. High-value consumer products
such as televisions, mobile phones and e-readers incorpo-
rate memory, and therefore flexible versions of these
products will ultimately require flexible memory devices to
be developed. Many types of memory elements are avail-
able, and it is beyond the scope of this review to describe
the operating principles for the various classes. This
information was thoroughly reviewed by Han et al. [88],
and the authors also provide considerable information on
progress toward developing flexible memory elements.
Some of the key issues include developing low-tempera-
ture processing conditions that are compatible with flexible
substrates, adding appropriate planarization layers to
reduce the influence of substrate roughness, and ensuring
that process solvents do not damage the substrate or other
layers of the device stack.

Integrating lighting with electronic circuitry allows
active displays to be formed, and many research advances
leading toward the creation of flexible displays have also
appeared in the literature. Light-emitting diodes (LEDs)
are the components most commonly suggested as lighting
elements for flexible displays (and also for other applica-
tions such as automotive lighting and biomedical imaging).
In effective devices, LEDs should retain a fixed emission
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wavelength under strain, and efficiency (W/W) should
remain high through repeated deformation cycles. Research
efforts to fabricate these flexible LEDs have been ongoing
for several years, such that several reviews on flexible
electronics have incorporated sections devoted to lighting
[6, 10, 21, 39, 89, 90].

Another focus area for flexible electronics is fabrication
of devices for energy generation and storage, including
solar cells, energy scavengers, batteries and supercapaci-
tors. Solar cells (or photovoltaic devices) generate electri-
cal current in response to light absorption at a photoactive
semiconductor [9, 39, 66, 68, 91-95]. Provided that the
photon energy exceeds the semiconductor bandgap, light
striking the semiconductor excites electrons from their
ground states, generating both negative and positive charge
carriers (i.e. electrons and holes). To make up an electrical
current, these carriers are shunted to opposite faces of the
solar cell and extracted through electrodes, one of which
must be transparent in order to admit light into the cell.
Conventional photovoltaics (e.g. silicon) include a p-
n junction to efficiently separate charge carriers [96],
whereas organic photovoltaics use a chemical potential for
this purpose [93]. The key performance parameter is the
power conversion efficiency (PCE), and subsidiary metrics
include the short circuit current density (Jsc), open circuit
voltage (Voc), fill factor (FF), series resistance (Rs) and
shunt resistance (Rgy). A flexible solar cell must retain high
PCE throughout repeated deformation cycles, and incor-
porate robust electrodes, semiconductors, interfacial mod-
ifiers and wiring. A subclass of solar cells, the dye-
sensitized solar cells (DSSCs), also tends to include liquid
electrolytes for charge transfer, and these must also be
effectively contained during strain cycling [68, 92].

Batteries and supercapacitors are both energy storage
devices [33, 34, 75, 95, 97-100]. In a battery, energy is
stored electrochemically, and charge carriers are released
through distinct chemical reactions. Lithium-ion batteries
[98, 99, 101] currently dominate the market with the vast
majority of portable electronics now powered with this
battery type. Li-ion batteries incorporate a lithium com-
pound as a cathode and carbon as an anode and often high-
surface area “charge collectors” are also included at the
electrodes. Electrical current is composed of Li* ions
moving between these electrodes through an electrolyte
medium and charge separator membrane. In direct contrast
with batteries, supercapacitors store energy electrostati-
cally and chemical reactions are not involved in charge
cycling. This is advantageous in that charging/discharging
is fast, and degradation with charge cycling is generally not
severe. Key performance parameters for each of these
devices are energy density (in Wh/g), power density (in
W/g), capacity (in Ah/g, which is a function of discharge
rate) and cycle life (which is the number of charge/
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discharge cycles that can be sustained before the capacity
falls below some critical value, usually 80 %). Batteries
tend to have lower production cost and considerably better
energy density than supercapacitors, while supercapacitors
have superior power density and cycle life. Some of the
key issues faced in developing flexible batteries and
supercapacitors include reliably encapsulating liquid elec-
trolyte or developing high-performance solid-state elec-
trolytes, identifying deformation-tolerant electrode
materials/architectures, and integrating these constituent
materials into a reliable high-performance device [75, 97—
99, 102].

Energy scavenging from mechanical vibrations has also
been suggested as a potential power source for flexible
electronics. In energy scavenging devices, piezoelectric
structures transduce mechanical strain into electrical
charge, and many efforts have been undertaken to identify
promising materials and architectures that maximize power
output [103, 104]. Critical performance parameters include
the piezoelectric charge constants, dj; (units: m/V), which
describe the voltage generated along axis i in response to
strain along axis j. One of the key technical issues is that
the mechanical strains required to generate useful power
output often exceed the fracture limits of the brittle
piezoelectric structures.

Another useful class of devices that is expected to be
integrated on deformable substrates are sensing elements,
including chemical sensors, temperature sensors and pres-
sure/strain sensors. Chemical sensors are already wide-
spread, but fabricating analogues on compliant substrates
may lead to implantable devices with improved biocom-
patibility or wearable monitoring systems. Because the
range of possible analytes is enormous, the operating
principles for this class of devices are also quite diverse
[11, 103, 105]. The most common mechanism is chemi-
cally modulated resistance measurement in a semicon-
ducting material, and the associated challenge is the
fabrication of high-quality semiconductors on temperature-
sensitive plastic substrates. To address these issues, nano-
materials or organic semiconductors are often used as
sensing elements, and transfer steps can be included in the
fabrication process.

Pressure/strain/tactile sensors are, in one important
manner, quite different than the remainder of the devices
discussed in this review. Rather than simply tolerating
deformation, most of these devices actually incorporate
deformations as a part of their operating mechanisms. The
operating principles within this class of devices are also
quite varied, but the technologies have been grouped into
several categories (piezoresistive devices, capacitive devi-
ces, piezoelectric devices and optical devices). An excel-
lent review by Bao et al. [106] and several other reviews
include sections devoted to pressure or strain sensors [11,

91, 103]. Because the devices operate by various mecha-
nisms and incorporate a variety of materials, it is difficult
to broadly define the technological challenges for the entire
class of devices. The applications do, however, all require
devices that are able to endure repeated strain cycling, and
therefore mechanical testing to gauge deformation toler-
ance (e.g. tracking the evolution of sensitivity during strain
cycling) is vital for essentially any pressure/strain sensor or
any other deformable sensing platform.

Advances in flexible electronics have also enabled the
development of a wide range of new bionic devices that
could not be realized using rigid materials [66, 76, 79, 107-
111]. External to the body, flexible electronics have been
engineered to conform to the skin and form the basis of a
variety of flexible physiological detectors [107, 112—121],
such as sensors of hydration, pulse, oxygenation or elec-
trophysiological signals. With parallelization, sheets of
these miniaturized, conformal and addressable sensors
have been integrated to form “electronic skin” that may
allow robotics or prostheses to sense their surroundings
with fine resolution [11, 106, 122—-126]. Within the body,
flexible electronic devices are also being investigated as
neural interfaces for mapping brain activity [109, 127],
restoring motor function by stimulating spinal neurons
[109, 128] or restoring vision in the eye [129]. Sophisti-
cated, flexible implants have also been used to map other
phenomena in vivo, such as a flexible, elastomeric heart
sock that includes an integrated electrocardiogram and
sensors for pH, temperature and strain [130].

In these biomedical applications, the electronics are
generally expected to be fabricated ex situ on a substrate
chosen for compatibility with the fabrication processes,
then installed on the target tissue (with or without a per-
manent backing) [108, 130]. Once the electronics are in
place, two key issues for both skin-mounted and implanted
devices are ensuring the stability and biocompatibility of
all materials, particularly if long-term use is intended
[131]. For example, the mechanical mismatch between
conventional (i.e. rigid) electronic materials and soft bio-
logical tissue often leads to irritation during motion (either
macroscopic movements of the body or local micromotion
due to blood pulsation) [132]. The mechanical mismatch is
also theorized to promote glial scarring and contribute to
the foreign body response of biological tissue to implants.
For some devices, such as brain—computer interfaces which
aim to measure or transmit electrical signals, these elec-
trically insulating scars are considerable obstacles to device
functionality [133-135]. Because each type of biological
tissue has different characteristics, design constraints built
around stability and biocompatibility tend to be heavily
application specific, but in general devices based on flex-
ible materials are expected to have considerably improved
biocompatibility.
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Fabrication techniques

Flexible or stretchable electronic devices are fabricated
with a wide array of techniques. Exploratory studies
involving either new materials or new applications for
established materials are usually performed by fabricating
simple devices with modest dimensions and using low-
volume fabrication techniques. For example, electrical
conductors are deposited by physical vapour deposition
(PVD) processes (i.e. evaporation or sputtering) [136], and
they are patterned by shadow-masking or simple optical
lithography [136]; semiconductors are spin-cast from
solution if an appropriate solvent can be identified [38], or
they are deposited in PVD or chemical vapour deposition
(CVD) [136, 137] processes; and insulators are spin-cast
from solution or deposited by PVD. In some instances,
spin-coating is substituted with techniques such as drop-
casting, bar-coating or guided assembly [21], and evapo-
ration/sputtering processes are replaced with casting of
metallic inks, CVD, or atomic layer deposition (ALD)
[138, 139].

These techniques are extremely useful for screening
materials, and the equipment required to perform these
basic processes are staples of most research labs special-
izing in flexible electronics. In the long term, however, the
fabrication process truly capitalizes on the potential for
low-cost fabrication by introducing high-volume manu-
facturing techniques in a continuous roll-to-roll (R2R)
process [38, 140-143]. Evaporation, sputtering and CVD
have long been R2R compatible [144-148], although the
high temperatures generally associated with CVD reactions
make development of processing conditions compatible
with plastic substrates more challenging than in analogous
processes on rigid substrates. Considerable effort has also
being directed toward designing ALD reactions that are
R2R compatible [149]. Another staple of high-volume
manufacturing is the set of printing techniques, which can
be sub-divided into two categories: master-printing and
digital printing [140]. The master-printing techniques
require a pre-patterned printing plate as a master and
include the following: flexography (i.e. relief printing) in
which ink is transferred to the substrate from protruding
features in a relief plate; gravure printing (also known as
intaglio printing) in which ink is transferred to the substrate
from the wells in the relief master; offset printing (also
known as planographic printing) in which ink is transferred
from a fully planar master that selectively collects ink
according to an oleophobic versus oleophilic surface pat-
tern; and screen printing in which ink is pressed through a
patterned screen to make an image on the substrate. Digital
printing techniques do not require a master, as they are
instead based upon relative motion between a substrate and
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a printing head or nozzle. Inks are dispensed through the
nozzle, and because this relative motion can easily be
reprogrammed, the digital printing techniques tend to be
highly adaptable. The digital printing techniques include
(among others) inkjet printing [7, 150, 151], direct ink
writing [152, 153] and laser patterning, in which ink is
selectively transferred to a substrate based on local heating
from a laser [154, 155]. Other roll-to-roll compatible
techniques include knife-over-edge coating [141, 142],
slot-die coating [141, 142] and electrospinning [21, 156,
157], in which a viscoelastic jet is drawn from a polymer
blend and cast on the substrate.

As opposed to the conventional semiconductor industry,
the fabrication challenges in flexible electronics are not
primarily in miniaturizing devices, but in adapting to
deformation and instability of the substrate [65, 70, 140,
158, 159]. If devices cannot be fabricated directly on the
target, another manufacturing option that is available is
“transfer printing” in which materials or complete devices
are pre-fabricated on a convenient substrate before they are
harvested and transferred to a flexible target as if they were
“inks” [6, 20, 44, 83, 107, 160, 161]. This technique,
which resembles pick-and-place methods, is relatively
young, but may ultimately be used to form high-quality
inorganic devices with cost-effective R2R fabrication.

Mechanics and modelling
Basic material properties

To understand the mechanics of devices under deforma-
tion, it is first important to define some basic parameters.
Strain is a unitless quantity describing the physical defor-
mation of a shape, and adjectives are often added to further
specify the nature of strain: for example, tensile strain
describes a shape elongated with respect to reference
dimensions, compressive strain describes a compacted
shape, and shear strain describes a deformation in which
parallel planes within the sample are translated in-plane
with respect to one another. Compressive, tensile and shear
strains are graphically depicted in Fig. 2 along with the
applied forces that produce these deformations.

The typical mathematical representation of tensile or
compressive strain, ¢, is provided in Eq. (1), where L, is the
original dimension and AL is the change in dimension with
respect to this reference state. In tension, a shape that
doubles in length has reached ¢ = 1, while in compression
a shape that is half its original length has reached ¢ = 0.5.
By necessity, shear strain, 7, is defined differently and as
shown in Eq. (2), the tangent of the strain angle is used for
this purpose.
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Fig. 2 Simple drawings of forces and deformations in tension,
compression and shear. Forces are denoted F; original dimensions are
denoted L,, w, and #,; and the shear strain angle is denoted 6

¢=AL/L (1)
y =tan6 (2)

Stress is a measure of the internal forces distributed
throughout a material, and it carries the units of pressure,
Pa. The source of stress is often an externally applied load,
but purely internal mechanisms (e.g. thermal effects,
variations in composition, etc.) may also lead to consid-
erable stress in the absence of external forces. Equation (3)
describes a common situation for stresses generated during
tensile or compressive experiments, and in the equation ¢
is the stress, F is the total applied force (usually measured
in N), and A is the cross-sectional area of the sample
(which has units of m? and is itself the product of thickness
and width for rectangular samples). In shear, the mathe-
matical definition of stress [shown in Eq. (4)] is similar,
except that the symbol used to represent the stress, 7, has
been substituted to clearly distinguish shear stress from
tensile/compressive stress. It is important to note that non-
uniformities in the sample (e.g. cracks, scratches, particu-
late, necks, edges, etc.) tend to localize stress, so the stress
distribution is not necessarily homogeneous throughout the
sample or throughout the experiment. Because these vari-
ations can have a significant effect on measured properties,
most testing standards (including those prescribed by the
ASTM) require that mechanical measurements should be
repeated numerous times, and the results averaged.

g=F/A (3)
1=F/A (4)
The basic material properties that describe the

mechanical behaviour of a device under varying stress/
strain conditions include (among many others) elastic

modulus, Poisson’s ratio, thermal expansion coefficient and
toughness. The elastic modulus, E, relates stress to strain
by the simple ratio shown in Eq. (5); however, the modifier
“elastic” does imply that the stress and strain are only
measured within the linear elastic (i.e. reversible) regime
for the material. Beyond the elastic limit, a modulus may
still be measured and reported, although it is very likely to
differ from the elastic modulus as measured at low strain.
For viscoelastic materials (e.g. polymers), the strain rate
can also affect the measured modulus (with slower strain
rate usually yielding lower modulus). In general, a large
modulus indicates a stiff material, while a smaller modulus
describes a more compliant material [14]. It is, however,
quite important to note that the concept of “stiffness” as
intuitively understood (i.e. “how hard is it to stretch or
bend this?”) is not described exclusively by the modulus.
The stiffness, k, carries units of (N/m) and is dependent on
sample geometry in addition to modulus. Equation (6) is
valid for a sample that is uniform perpendicular to an
applied force, and it indicates that the stiffness scales lin-
early with both modulus and cross-sectional area. Imple-
menting ultra-thin layers is therefore one approach that can
be utilized to reduce the stiffness of a material.

E=o0/¢ (3)
k=F/AL=E-A/L (6)

Poisson’s ratio, v, is the ratio of transverse strain to axial
strain; it describes how a sample becomes thinner and
narrower as it is stretched in tension, or expands as it is
uniaxially compressed. A sample with v =0 can be
deformed in one dimension without affecting the other
dimensions whatsoever, while a sample with v = 0.5
retains fixed volume during deformation (i.e. it is “in-
compressible”). For most materials of relevance to elec-
tronics, Poisson’s ratio varies between 0.2 and 0.5, with the
elastomers such as PDMS having values near 0.5, many
metals with values in the range 0.25-0.35, and typical
ceramics in the range 0.2-0.3 [162]. In choosing materials
for flexible electronics, it is important to match v across
material interfaces wherever possible, because at any
interfaces where mismatches exist, the induced stress can
lead to device failure by delamination [163, 164].

The coefficient of thermal expansion («, units K™
describes dimensional changes in response to temperature
variations. The coefficient of thermal expansion becomes a
critical design parameter when high-temperature process-
ing is required in the fabrication process [65]. For example,
if a film is applied to a substrate at an elevated temperature,
any appreciable oo mismatch between film and substrate
leads to the generation of biaxial interfacial stress as the
temperature is returned to ambient [165, 166]. For a film on
a rigid wafer, this stress forces the substrate to assume a
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dome shape described by the Stoney equation [167]. On the
other hand, for compliant substrates that are amenable to
flexible electronics, interfacial stress tends to promote
cylindrical rolling [65, 166], with radius of curvature, R,
described by [168]

2\ 2 2
Ef? (1-28) +epr (1)
6(1 - V)(O(f - O(S)ATEfl‘f (1 + t_f)

Iy

R =

(7)

In Eq. (7), the subscripts “f” and “s” indicate, respec-
tively, the parameters associated with the film and sub-
strate, t and AT represent, respectively, thickness and the
change in temperature, and the Poisson’s ratio (v) is
assumed to be the same for film and substrate. The tem-
perature-induced curvature, together with the tendency of
typical substrate materials to shrink at moderate processing
temperatures, has the potential to lead to overlay errors as
different layers in a device stack are deposited [65, 166].

Toughness quantifies a material’s ability to resist failure.
It is measured by integrating the stress—strain curve between
zero strain and the strain at failure, and the units describe
the quantity of energy absorbed at failure per unit volume,
or (J/m?®) [162]. “Fracture toughness” is an entirely distinct
parameter that describes a material’s resistance to crack
propagation and brittle fracture. It is also closely related to
“tear-resistance”, which is a key characteristic in the
longevity of thin, sheet-like flexible electronics. The pres-
ence of cracks leads to local concentration of stress at the
crack tip, and a “stress intensity factor”, K (units MPa m"/
%), relates applied stress to the concentrated stress at the
crack tip. Unstable crack growth occurs when K reaches a
critical value, and the magnitude of this critical value is the
fracture toughness, K.. Metals tend to have good fracture
toughness (>20 MPa m'?) and generally fail by ductile
fracture, while oxides (<5 MPa m'?) and glassy polymers
(<2 MPa m"?) have low fracture toughness and tend to fail
by brittle fracture [162].

Finally, it is important to note that most mechanical
parameters are not actually fixed quantities, but instead
variables that respond to a wide range of conditions. All of
the parameters noted above, for instance, are temperature
dependent, and many parameters also vary with strain,
strain rate, strain history, thermal history and composition
of the environment. Small sample-to-sample variations can
also lead to differences in measured properties, and there-
fore testing of multiple samples is typically recommended.

Film failure by cracking or delamination

The durability of flexible electronic devices under strain
depends strongly upon crack formation/propagation [63,
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169] and interfacial delamination [170], as these are the
two key mechanisms by which devices fail in response to
mechanical deformation. Examples of failure under each
mechanism are shown in Fig. 3a, b. Cracks form and grow
in order to relieve stress, and because coatings cannot be
optimized solely based on load-bearing capacity, cracks
typically develop in the functional coatings well before the
substrate fails [171]. Crack evolution is usually measured
by straining a sample under uniaxial [63, 169] or, less-
commonly, biaxial [165] tension while observing through a
microscope. In general, the progression for a rigid film on a
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Fig. 3 Typical failure modes for flexible/stretchable electronics
subjected to large or repeated mechanical strain include a cracking
and/or b debonding. Reproduced with permission from (a) [182] and
(b) [183]. In ¢, a large-area ITO film on PET is shown after uniaxial
tensile strain to ¢ = 0.3 (direction noted by double-headed arrow on
left) and associated Poisson’s compression
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more compliant substrate is crack initiation, crack prop-
agation and crack densification (which includes a steady
reduction in crack spacing until saturation), followed by
transverse crack formation [172, 173]. A key measured
parameter is the crack onset strain or critical strain (eco),
which tends to decrease with increasing film thickness,
t [63, 174]. This behaviour is a result of the increasing
energy release rate with increasing film thickness, and the
classical scaling relationship has eco varying with 1~ '/?
[63, 171, 175]. For brittle materials on more compliant
substrates (representing the vast majority of materials
systems for flexible electronics), cracks tend to initiate
around defect sites associated with surface irregularities in
the plastic substrate [63, 169]. This effect is generally
attributed to the concentration of stress at these surface
defects, and therefore increased ecq is often observed for
substrates with planarizing interlayers [63, 169]. Some
authors, however, attribute the increased eco to defor-
mation in the interlayer [176, 177], while other groups
observe reduced &co with the addition of a hardcoat and
attribute this to reduced adhesion between film and sub-
strate [178]. In any case, once cracks form in these brittle
films, they propagate rapidly through the entire thickness
of the coating and quickly extend large distances in a
direction perpendicular to the applied strain [169]. At the
substrate, the crack can also propagate along the coat-
ing/substrate interface (i.e. delamination), exacerbating
the failure process [171, 179]. With additional strain, new
cracks form and crack spacing decreases until a saturation
spacing is reached [172, 173, 180], and with continued
strain, transverse cracking and delamination of the frag-
ments may also occur [63, 172, 173, 181]. In Fig. 3c, a
strained ITO film on PET illustrates the microscopic
appearance of several of these cracking and delamination
phenomena.

The mismatching mechanical properties for compliant
substrate/stiff electronics systems also creates considerable
potential for device failure by delamination [184]. Under
strain, mismatching properties (a, v, E, etc.) lead to stresses
that act directly on the interface, and if the interfacial
toughness is low (i.e. poor adhesion), then debonding can
occur. Generally, as interfacial stress increases, films will
first slip a small distance with respect to the substrate
(~ um), before beginning the process of complete delam-
ination [182, 184]. It should also be noted that interfacial
slipping or delamination are not necessarily restricted to
the interface between the substrate and its immediate
overlayer. Delamination or interfacial slip may occur at
any interface in the device stack where the adhesion is
poor, and cohesive failure, in which internal cracks in the
plane of the film are responsible for debonding, has also
been observed (e.g. for PZHT/PCBM photovoltaic devices)
[185, 186].

Mechanics of bending-mode deformation

In a bending process, the two sides of a flexed sheet
experience different types of strain. Tensile strain is present
on the convex side, while the concave side experiences
compressive strain. These strain states (shown in Fig. 4)
may lead to different failure modes: components under
tension tend to develop cracks, while components under
compression (or with poor adhesion) tend to debond from
the substrate [180, 187].

In a bent sheet, the greatest strains occur on the surfaces. In
ahomogeneous sheet, these peak strains can be approximated
using the simple relation, &, = #2r [187, 188], or more
accurate formulae that invoke fewer simplifying assumptions
[168, 177, 189]. From these expressions, it is easy to note that
thinner substrates experience lower peak strain at a given
bending radius, and thus components mounted on these thin-
ner substrates tend to tolerate smaller bending radii before
failing. Moreover, through the bulk of a bent substrate, the
strain varies between the compressive and tensile extremes on
either surface. In a homogeneous film, the variation is linear,
while in a layered structure the variation may be more com-
plex, but in either case a “mechanically neutral plane” exists
within the sheet where neither tensile nor compressive strain is
present. Positioning fragile materials along this neutral plane
(e.g. by patterning components on a substrate surface, then
casting a mechanically equivalent thickness on top) maxi-
mizes the overall flexibility of the system. If the substrate and
overlayer have similar mechanical properties, then equal
thicknesses will ensure that the neutral plane lies at the posi-
tion of the electronics. Or, if the substrate and overlayer are
composed of mechanically distinct materials, then the elec-
tronics will lie in the neutral plane if

Ed? = E,i2 (8)

where E; and f, are the modulus and thickness of the
substrate, and E, and 7, are the modulus and thickness of
the overlayer, respectively [168].

—>|t|<—

Devices under
compression

Devices under tension

Fig. 4 Conceptual drawing of hypothetical electronic components
(black rectangles) under compressive and tensile strain. The position
of the mechanically neutral plane is also marked with a dashed line
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A number of other analytical models have been devel-
oped to describe flexible devices under deformation. For
example, Wu et al. modelled a three-layer system (con-
sisting of a flexible substrate, an adhesive layer and an
inorganic thin film) as elastic beams to determine how the
properties of the adhesive could be varied to minimize the
film strain during bending [190].

Mechanics of stretching-mode deformation

Because the neutral mechanical plane concept cannot be
used to protect brittle components in a stretching-mode
process, stretchability is generally considerably more dif-
ficult to engineer into an electronic system than bendabil-
ity. Most methods of designing stretchability are
implemented by avoiding straight paths in favour of
meandering patterns wherever possible [5]. For electronic
films restricted to the surface of a planar substrate, netlike
[10, 191], meandering [112, 192-196], and even multi-
level or fractal layouts [102, 197, 198] can be used to
improve stretchability. These layouts always have longer
electrical path lengths, but due to the influence of contact
resistance, the overall increase in electrical resistance may
not be substantial. Meandering conductors do, on the other
hand, allow the pattern to twist or “unfold” with applied
strain, thereby accommodating considerably greater strains
than materials patterned along a straight line.

Another well-known method for engineering stretcha-
bility is through the formation of buckled morphologies
that convert macroscopic stretching into local bending
deformations. To implement the technique, compliant
substrates are pre-strained in tension (in either 1D or 2D),
then the electronic films are deposited and the pre-strain is
released [89, 191, 199-206]. Because the films are gener-
ally stiffer than the substrates, they buckle out-of-plane
during relaxation, forming corrugations while bonded to
the substrate. In a pre-strain process, the buckling wave-
length, /, and amplitude, A, can be estimated by solving for
the minimum elastic energy to find the relations:

j =2t [’E(l‘)] " 9)

E(1-1?)
23 1/2

A =146 Bl =) -1 (10)
PE13E (1 —1?) ’

where ¢ is the film thickness, &, is the pre-strain, Ey and E
are the elastic moduli for film and substrate, and v¢ and v,
are the Poisson’s ratios for the film and substrate, respec-
tively. The use of these simple equations is widespread,
and some success in estimating the buckling geometry has
been achieved. The simple equations are, however,
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imperfect in that estimated 1 and A values do not respond
well to variations in pre-strain. Because of this, the equa-
tions have also been modified to more accurately account
for the influence of pre-strain [100, 199, 205]:

Ep(1—v2) & 1
A=2mt > e
E(1=9])] (14 pe) (14 &)

(11)

23 1/2
A=tlde,. M 1 !
b 3ES(1 - sz) (1 + 8pre)1/2(1 + 5)1/3
(12)
- 5‘gpre(l + gpre)
¢ = 2onll ¥ o) (13)

Provided that the electronic films remain undamaged
throughout the buckling process [205], the materials are
subsequently able to “unbuckle” to accommodate stretch-
ing-mode strain that is less than the original pre-strain.
During unbuckling, the evolution of buckling wavelength
and amplitude can be calculated based on the theory
described by Jiang et al. [205].

Finite element analysis and materials models

Deriving analytical formulae that reliably describe
mechanical behaviours becomes increasingly difficult as
device complexity and strain increase. In order to predict
the behaviour of more complex architectures, a numerical
modelling technique known as finite element analysis
(FEA) can often be employed [207]. Finite element anal-
ysis is a valuable tool for mapping field variables such as
stress, strain and displacement that result when simulated
forces or deformations (compression, bending, stretching,
etc.) are applied to virtual models. In finite element anal-
ysis of a mechanical system, a body is discretized into a
collection of pieces called “elements”, and analysis is
performed at “nodes” (which lie at the intersections
between elements). Solutions generally involve maps of
parameters of interest over the discretized body [208]. The
technique is extremely valuable both for exploring the
influence of design parameters (such as geometry and
material selections) over device behaviour and under-
standing the mechanisms of failure [178, 209].

Several software packages are utilized to implement
FEA, including both commercial programs (ANSYS,
Abaqus, etc.) and open-source freeware. In every case, the
basic procedural steps are equivalent: pre-processing
(which includes geometry construction, input of materials
properties and discretization of the model), analysis (in-
cluding tabulation and solution of relevant linear equa-
tions) and post-processing (display of solution). To
perform an analysis, a physical system is first approximated
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as a model with geometry defined either within the FEA
software or by importing from a separate computer-aided
design program. In many cases, geometric approximations
are utilized to reduce computation time, such as solving a
two-dimensional geometry when the system is not expec-
ted to vary in the third dimension.

The loading parameters and boundary conditions must
also be described within the model. Boundary conditions
may be expressed in terms of displacements (known as
“essential boundary conditions”) or forces (known as
“natural boundary conditions”). To match the reality of
tensile testing experiments, uniform strain is defined at one
end of a sample, while locking the displacement of the
opposing edge to zero [210]. To mimic bending experi-
ments, an out-of-plane displacement may be applied at one
end, while displacement at the opposite end is fixed to zero.

Once the basic geometry is defined, the model is divided
into discrete pieces during a process called “meshing”.
Generally, the user manually defines an appropriate num-
ber of nodes/elements and chooses the element geometry.
The FEA software then distributes these elements using an
automated algorithm, ensuring that elements do not overlap
and positioning nodes wherever the elements meet. An N-
dimensional simulation (where N is the number of field
variables evaluated at a given point) with M nodes requires
M-N linear equations, and therefore choosing a reasonable
mesh size is an important design problem. Simulations with
more nodes/elements tend to more closely approximate the
correct solution, but are also more computationally inten-
sive (i.e. slower). Mesh size analysis should therefore
typically be performed to determine the maximum mesh
size for which the solution converges.

A plethora of element types are built into FEA software
packages, and most packages also allow custom elements.
Typical 2D mesh elements are triangular or quadrilateral in
shape (where each corner corresponds to a node) [210], and
3D mesh elements are typically based on either solid ele-
ments (which connect along faces and may also be called
brick elements) or shell elements (which connect along
edges). A combination of elements may also be utilized;
for example, Kim et al. used 4-node shell elements to
model a thin film on a substrate represented as an 8-node
brick element [211]. The values within an element may be
interpolated from those at the nodes using an appropriate
shape function for that particular element type.

Once the geometrical model is defined and meshed, the
key to FEA is logically interrelating forces, F, and dis-
placements, u, throughout the model to compile a set of
solvable equations. Forces in one direction can lead to node
displacements in any direction (cf., Poisson’s effect), so the
set of equations relating forces and displacements take the
general form:

F,' = Zk,-juj, (14)
J

where i and j each indicate combinations of both node and
direction, F; are nodal forces in i, u; are displacements in j,
and k; are the stiffness coefficients relating F; and u;. The
fundamental theory that is used to define the stiffness
coefficients, k;;, is referred to as the “constitutive model”
for the simulated material [212]. This model can be as
simple as inputting the elastic modulus and Poisson’s ratio
(i.e. a Hookean model); however, this is generally only
valid for very small deformations. Elastomeric materials
(such as PDMS) with moduli that vary as a function of
strain are more suitably represented utilizing non-linear
constitutive models, such as the Mooney—Rivlin hypere-
lastic model [212]. Metals are often modelled as plastically
deformable solids using a power law, in which stress is
related to strain by a hardening exponent, N, through the
equation ¢ = Ke", where K is a prefactor [12]. Elastic—
plastic models, in which different constitutive equations are
applied below and above a defined transition point, may
also be implemented for materials that are strained beyond
their linear elastic range: for example, an elastic equation
may be applied below the limit, and a power law above it
[210]. Each material in the device stack can be expected to
have a different array of material parameters, and therefore
it is important to define an appropriate constitutive model
for each and every material in a flexible device.

In most FEA of solids, the solution is found by mini-
mizing the strain energy of the system: the set of equations
describes the strain energy density at each node, and the
optimum solution is the set of displacements (u;) that
minimizes the overall elastic energy [213]. From this
solution, field variables such as stresses and strains can be
calculated at the nodes, or with appropriate interpolation,
throughout the elements. Results can be exported in
tables or visualized in a variety of formats. While it is
relatively straightforward to generate a model and evaluate
a solution, demonstrating the validity of that model is more
challenging. The modeller should evaluate scenarios with
predictable outcomes and assess the logic of the generated
solution, and models should be validated through com-
parison with experimental data whenever possible.

To predict failure through delamination, adhesion at the
interface must be represented within the model. One
approach is to utilize cohesive zone elements, treating
delamination as a gradual separation of elements, and uti-
lizing a traction separation law to relate the separation
between nodes to a traction stress vector acting on those
nodes. Within such a model, the traction separation vector
increases to a critical value as the separation is increased,
beyond this value the traction decreases, describing a
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softening or (irreversible) degradation of the interface [210,
214, 215].

Mechanical characterization

Mechanical characterization techniques for flexible elec-
tronics applications can be sub-divided into two broad
categories: (i) tests to determine mechanical constants and
(ii) tests to track the evolution of device performance. The
former group primarily involves the application of well-
established mechanical characterization techniques, and
data analysis is performed by more or less conventional
means. Two well-known organizations, the American
Society for Testing and Materials (ASTM) and the Inter-
national Organization for Standardization (ISO), have
developed thousands of standardized testing procedures for
the repeatable characterization of a wide range of materials
and systems. Existing standards are periodically updated
and new standards are continuously added. Several stan-
dards are relevant to flexible electronic materials, and these
are cited throughout this section [216-224].

Information about the performance of electronic devices
under the influence of mechanical stresses or strains (i.e.
the second category above) is extracted by several tech-
niques, most of which involve measuring device perfor-
mance metrics during mechanical deformation processes.
In this review, we categorize these test procedures
according to the mode of mechanical deformation, and we
provide information in each category about the typical test
equipment, device applications and the results obtained for
the various classes of flexible electronic devices. Table 1
broadly summarizes this information by listing common
test procedures and dominant failure modes under each
type of deformation.

Determining materials constants

In order to describe a device in a finite element model or
with an analytical equation, the basic material properties
must first be known. A reasonable starting point is to utilize
bulk values that are either reported in the literature or
independently measured. These bulk properties are com-
monly measured using techniques such as tensile testing (in
which samples are stretched in tension while recording
stress and strain), dynamic mechanical analysis (in which a
configurable sinusoidal force is applied to generate a
sinusoidal stress—strain profile used to resolve the vis-
coelastic properties of the sample) or rheometry (for ultra-
soft samples, gels, pastes and liquids). Each of these
techniques can potentially be conducted over a range of
temperatures, both to characterize materials at application-
specific temperatures and also to determine glass transition
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Table 1 Mechanical deformation modes and their effect on the
materials/components in flexible electronics

Deformation Failure modes and test procedures

mode (or
testing
mode)
Bending Delamination or slipping at hard/soft material
interfaces [184]
Cracking in functional coatings [165, 169, 171]
Modulation in semiconductor charge carrier mobility
[225, 226]
Stretching Delamination and slipping at hard/soft material
interfaces [184]
Cracking in functional coatings [171, 227]
Buckling of stiff functional materials on softer
substrates [205, 228]
ASTM standard: tensile properties of plastic sheeting [224]
Twisting Buckling, delamination [229, 230]
ASTM standard: torsion test [223]
Impact ASTM standard: impact resistance of plastic sheeting [216]
Abrasion Tensile cracking, substrate gouging [231, 232]
ASTM standard: scratch resistance of plastics [222]
(Adhesion) Tape test [217], peel test [233], scratch test [233],

bend test [234]

temperatures, T, below which a material is rigid and
glassy and above which a material is soft and rubbery.

The material properties for thin layers may, however,
differ from bulk values, as differences in thickness can lead
to microstructural variation [235]. Processing conditions
also have a strong influence over film structure, such that
different fabrication techniques may lead to materials with
different mechanical properties [236]. Mechanically char-
acterizing thin materials on a substrate is challenging, as
the overall mechanical behaviour is derived from a com-
bination of the properties of all the materials present.
Nanoindentation is one technique that can be used to probe
the properties of a thin film: this technique involves
depressing a piezoelectrically controlled indenter tip into
the surface of a material, while tracking the force/dis-
placement curve [177, 237, 238]. Loading and unloading
curves are collected, and provided that the shape of the
indenter tip is well known, both the hardness and modulus
may be calculated. The properties of the film can be ade-
quately distinguished from the substrate when (1) the
thickness of the film is at least ten times the indentation
depth, and (2) the substrate is substantially stiffer than the
film (to ensure that only the film deforms upon indentation)
[239].

Another useful technique for determining the moduli of
thin films on elastomeric substrates involves exploiting the
buckling behaviour of the film [54-56, 58, 240, 241]. In
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this method, a small compressive strain is applied to a
film/substrate system (often by releasing a pre-strain
maintained during film deposition), and this compression
causes a rippled pattern to form. The spacing of these
ripples (i.e. the buckling wavelength, 1) can be measured,
and the film modulus can be calculated via reorganizing
Eq. (9) to solve for E;. This technique has been success-
fully applied to characterize a wide range of soft materials
including functional materials for organic electronics with
thicknesses from the nm to pm range [54, 241]. A “mi-
crotensile testing” technique has also been explored for
measuring the elastic moduli of small-scale sub-micron
thin films [242].

Bending deformation

To characterize the bending-mode strain tolerance of flexible
electronics, the evolution of device performance metrics is
measured during a mechanical bending process. Several
variables can be used to describe the deformation magnitude,
and the most common of these is the radius of curvature (or
bending radius), r, to which the sample is subjected (smaller
r corresponds to a larger deformation). Because substrate
thickness also influences strain in a bending process (see
above), many authors perform the very useful geometry-
based calculations to relate bending radius to the actual strain
that is imparted to the electronic materials. With these cal-
culations, the device’s performance parameters can be
plotted against mechanical strain, which allows the strain
tolerance of the electronics to be assessed (rather than strain
tolerance of the electronics/substrate system) and enables
convenient comparisons across publications. Reporting
device performance against bending strain is the norm in
most cases. Other sporadically reported variables include
curvature, which is the inverse of bending radius, and
“bending angle”, which is the angle formed between the two
ends of a bent sample. Bending angle, however, is not easily
compared across publications as it tends to be specific to each
apparatus and sample configuration.

Bending the sample toward the electronics imparts
compressive strain, while bending the sample away from
the electronics imparts tensile strain, and in each case three
classes of experiments are typically performed: (i) simple
before/after measurements in which a single bending pro-
cess is performed, (ii) cyclic measurements in which per-
formance is assessed during many successive strain cycles
or (iii) variable strain experiments in which device per-
formance is evaluated against bending radius or strain.

In the most basic experiment, a researcher first measures
the as-fabricated device performance according to estab-
lished procedures, then bends the device by hand and
remeasures its performance. This procedure provides some
limited information about the resilience of the device. To

apply quantified bending, samples are often manually
wrapped around rods of known diameter (Fig. 5a), but this
approach still suffers from several drawbacks, including
unpredictable abrasion during wrapping and unintentional
variations in the strain cycle due to the manual sample
handling. The former issue often precludes compressive
strains from being applied because devices come into direct
contact with the rod, and even in cases where only tensile
deformation is imposed, the potential still exists for film
damage to occur during handling. This additional damage
is especially problematic if it occurs unpredictably and the
researcher fails to identify the variation in test conditions.
It is also important to note that manually applying a strain
cycle that deforms every region of the sample uniformly
and reproducibly is difficult, if not impossible; variations in
strain rate (i.e. wrapping speed), mechanical forces (in all
directions) and ambient conditions can all influence the
degradation of a device, so ideally these parameters should
all be measured, controlled and reported.

The best experimental designs entirely decouple the
experiment from human interaction by automating the test
procedure, with the ideal measurement apparatus, (i) im-
posing uniform bending strain over an entire sample, (ii)
applying controlled bending strains, strain rates and forces,

Film on
substrate

Rigid rod

Fig. 5 a Illustration of bending strain applied by wrapping samples
around a rigid rod. Reproduced with permission from [243].
b Photograph of a bending apparatus incorporating a linear translation
stage. The designers of this particular device highlight the non-
uniform sample curvature and carefully probe the sample at the apex
of the bend (R = 2.5 mm). Reproduced with permission from [244]
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(iii)) minimizing contact with the sample and (iv) auto-
matically measuring and calculating all relevant device
performance parameters in situ. It is difficult to design
equipment with all of these in mind, but several devices
certainly deliver more reliable data than manual wrapping
experiments. One of the most common mechanized
approaches is to affix the two ends of a substrate to plates
on a translation stage [187]. An image illustrating this
scheme is shown in Fig. 5b, and from the image it can be
inferred that greater bending strains are applied as the
plates are brought closer together. This approach is
advantageous because the experimenter does not neces-
sarily handle the sample during testing, but care must still
be taken to ensure that the strain cycles are reproducible. It
must also be understood that with this apparatus, bending
strain is not uniform over the entire sample, and the
maximum strain is only applied at the apex of the bend. To
address this, some apparatuses implement an arc-like
(rather than linear) motion [245], while others roll samples
around a mandrel of known diameter [227].

Abrasion-induced degradation at electrical contacts also
represents a considerable problem, and it is very likely that
many efforts to address this practical issue are not reported.
Minimizing motion at all points of contact is the best
approach, but metallic lubricants, such as eGaln, have also
been added at the contacts to reduce abrasion by the
electrical probes [226].

Bending-mode tests to evaluate the strain tolerance of
flexible electronics are widespread in the literature, and
plots of device-specific performance metrics during bend-
ing deformations have been published for most materials
and devices. These include, for instance, insulators and
barrier layers [246, 247], electrical conductors [152, 248—
254] and transparent conductors. When discussing trans-
parent conductors, common themes include tracking the
mechanical degradation of the brittle transparent conduct-
ing oxides (especially ITO) [64, 227, 255-261] or devel-
oping more strain-tolerant alternatives [28, 243, 256, 261—
281]. Numerous transparent conductors that outperform
ITO from a strain tolerance standpoint have now been
described, although it is interesting that few comparisons of
bending-induced failure among the different classes of non-
TCO materials have appeared to date. In addition to elec-
trical conductivity, transparent conductors must also exhibit
light transmission, yet measurements of bending-mode
strain tolerance usually neglect optical properties. Light
transmission and transparent conductor figures-of-merit
during strain cycling are generally not discussed, and this is
likely due to the difficultly in aligning optical components
within a mechanical bending apparatus and synchronizing
light transmission measurements with the strain cycle.

Another class of devices that is highly relevant for
flexible electronics is thin-film transistors, and numerous
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bending-mode deformation studies have now been com-
pleted for these devices [73, 189, 225, 226, 244, 282-297].
One common observation is charge carrier mobility that
decreases as devices are bent in one direction (i.e. ten-
sion/compression), but increases when bent in the opposite.
The direction of response, however, is not consistent across
all semiconductor/dielectric pairs, and the effect has been
attributed to strain-induced variations in the electron
orbitals at the interface [226]. Sekitani et al. perform
extensive mechanical testing on pentacene-based FETs
positioned in a neutral mechanical plane, including cyclic
testing to 160,000 bending cycles [225], and in a separate
publication [283], the minimum bending radii that various
TFT materials systems endure before failure are cata-
logued. These authors (and others) [292] also note that the
direction of strain with respect to the semiconducting
channel plays a role in determining strain tolerance.

Bending-mode deformation studies have also been
completed on flexible solar cells [243, 298-300]; however,
incident light power profiles tend to complicate the inves-
tigation of bending-mode strain tolerance. The spatial
power distribution for most solar simulators is calibrated to
uniformly deliver 100 mW/cm?® at a fixed measurement
plane. As samples are bent out of this fixed plane, the
spatial and/or spectral power distribution may depart
somewhat from that of the typical measurement plane.
Moreover, the solid angle for light absorption, wave-
guiding and reflected power all vary with the light inci-
dence angle, and these effects collectively lead to some
uncertainty in the measured performance metrics for solar
cells. To address this issue, researchers may accept the
uncertainty [298, 299], return the device to the flattened
state before conducting the solar cell evaluation [243] or
perform cyclic testing at various radii [299].

Experiments to track the evolution of device performance
parameters during bending have also been published for
passive capacitors and inductors [301], supercapacitor sys-
tems [302-306], energy scavengers [2, 307, 308], batteries
[309-319], light-emitting devices [264, 320-327], memory
devices [328-345], touch screens/pressure sensors [346—
349], antennas [350, 351], waveguides [352] and other
electronic circuits [200, 283, 295, 353]. Overall, bending is
an extremely important deformation mode that must be fully
characterized to facilitate the development of reliable flexi-
ble electronic devices. Both the characteristics of individual
components and integrated systems must be considered.

Stretching deformation

In a stretching-mode measurement, the performance
parameters for the electronic device under test are contin-
uously or periodically recorded during tensile strain pro-
cesses, and three basic types of measurements are common:
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(i) simple before/after measurements, (ii) linearly increas-
ing strain or (iii) cyclic stretching to a fixed maximum
strain. The strain axis may or may not be important,
depending upon the layout of the particular device, but in
any case the device performance can be recorded as the
sample is uniaxially, biaxially or otherwise stretched along
any axis or axes that are practical. Commercial testing
equipment that can apply well-controlled stresses and
strains to clamped samples at prescribed strain rates is
widely available (see, for example, the apparatus in Fig. 6),
and therefore it is relatively rare to read descriptions of
manually imposed stretching of electronic devices pub-
lished in the literature. The test equipment generally
records force and displacement data, and from these data
the stress—strain curves can be generated using Eqs. (1) and
(3). The most relevant ASTM standards deal with tensile
tests of plastic sheeting [224]. Sample geometry is a key
factor, and in most published plots a simplification is made:
both stress and strain are calculated based on the initial
sample geometry, rather than the dynamically evolving
geometry (i.e. A = A,, and the presence of non-uniformi-
ties is neglected). These simplified parameters are formally

Clamped
Section

Taper

Stretched
Section

Fig. 6 Typical apparatus for a stretching-mode strain experiment. As
a sample is stretched, it becomes thinner and narrower, while also
developing a pronounced taper near the clamps. Reproduced with
permission from [193]

called “engineering stress” and “engineering strain”, but
usually the adjectives are dropped. Some publications, on
the other hand, account for the evolving sample geometry,
and the corrected values are referred to as “true stress” and
“true strain” [162].

In stretching experiments, clamping is an extremely
important issue, and steps must be taken to ensure that the
sample is contacted firmly enough to prevent slipping
while also avoiding any abrasive damage. For highly
deformable samples such as elastomers, over-tightening the
clamps must also be avoided to prevent excessive sample
compression and unintended damage near the clamps. To
prevent scratches, relative motion between the sample and
clamps should be avoided as much as possible (this is
especially problematic during loading), and similarly any
points of contact with external equipment (including
electrical probes, detectors, lenses, etc.) should be designed
to minimize relative motion. When making contact with
external equipment, it is also important to restrict the
stretching motion as little as possible. For example, stiff
electrical contacts positioned at actively deforming loca-
tions (i.e. between the tensile tester clamps) can modify the
stress/strain conditions in their vicinity. More accurate test
results may be generated using sliding contacts (provided
abrasion is not an issue) or positioning the contacts at
stationary locations (e.g. outside the clamps).

Another complicating factor, in this case pertaining to
data analysis, is the often complex variation in sample
geometry that occurs during stretching. For example, in a
uniaxial strain process, samples elongate, but they also
become narrower and thinner simultaneously. These
transverse contractions (depicted in the inset of Fig. 6) are
described by Poisson’s ratio, but it is important to under-
stand that this ratio does not necessarily remain constant
throughout an entire strain process, particularly if large
strains extending beyond the elastic limit are imposed. If
the mechanical environment is not uniform, the “Poisson’s
ratios” may also be quite different for sample width con-
tractions versus thickness contractions. A conducting film
and its mechanically distinct substrate, for instance, are
forced to deform as a unit along the width direction, but are
free of this restriction in the thickness direction. Therefore,
it is not always safe to assume that Poisson’s ratios mea-
sured under any particular set of conditions are static and
valid for other experimental scenarios.

Near the clamps, another strain-dynamic geometry issue
can complicate analysis: the sample width is pinned at the
clamps, so the width (and thickness) tends to taper between
the clamp and the sample bulk. The length and shape of the
taper (also shown in the inset of Fig. 6) vary with strain,
and the properties of the materials or devices within the
taper must certainly be assumed to differ from those
throughout the rest of the sample. If any of the active
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components are located within this tapered region, data
analysis could become considerably more complicated than
expected, and therefore it is best to keep all active materials
far from the clamps wherever possible. If this cannot be
avoided (such as for analysis of films or devices that extend
through the clamps), then the sample length should be as
large as is practical to reduce the influence of this tapered
region.

If the sample is mechanically inhomogeneous (even if
by design), then it is quite possible that behaviour under
strain could be even more unpredictable. For example, a
material comprising distinct stiff and compliant sections
will preferentially deform in the most compliant regions. In
this case, in situ microscopy or finite element models may
be necessary to truly understand the geometry over the
entire sample. All of these geometry issues highlight the
importance of rationally considering the evolution of
sample geometry and understanding how it influences the
analysis. In some cases, geometric variations will be lar-
gely irrelevant. This could include evaluation of “com-
plete” electronic circuits by tracking a particular electrical
signal during strain. If the important parameters are
entirely independent of geometry, then it may not be nec-
essary to understand that geometry in great detail. On the
other hand, if geometric parameters are used anywhere in
the analysis (e.g. in the calculations of power conversion
efficiency in a solar cell, charge carrier mobility in a
transistor or resistivity in an electrical conductor), then it
may be critically important to directly track the dimensions
of the sample or devices throughout the stretching experi-
ment and use only these measured dimensions for all
calculations.

A host of flexible electronic materials and devices have
been evaluated in stretching-mode experiments. Extensive
tests of strain tolerance have, for example, been performed
on electrical conductors [15, 16, 71, 72, 123, 152, 192194,
197, 248-251, 320, 354-363]. Among these publications,
Graz et al. performed an extended study of homogeneous
gold thin films under cyclic strain [362], and extensive
studies of conductors patterned in a strain-tolerant mean-
dering patterns were performed by Bossuyt et al. and Hsu
et al. [192, 194]. Stretching-mode strain tolerance has also
been evaluated for a wide range of transparent conductors
[163, 173, 227, 243, 262, 269, 305, 346, 364-367]. Most
studies tend to report the increase in raw electrical resis-
tance with strain, although some include geometrical
analysis and report the evolution of sheet resistance or
resistivity [163, 359, 366]. The most complete strain tol-
erance studies tend to focus on ITO [173, 227, 368], and
the degradation of this material under uniaxial strain is
becoming well understood. In recent publications, how-
ever, a common theme is the development of new trans-
parent conductors with strain tolerance considerably
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superior to ITO. This has certainly been accomplished,
although few side-by-side comparisons among the more
strain-tolerant materials have yet been published [367].
Most studies also note that electrical degradation of
transparent conductors is more problematic than optical
degradation and do not address the variation in light
transmission that occurs during strain. Against this trend,
one publication demonstrates improved transmission for a
stretched Au nanomesh [269], and two others report the
evolution of transparent conductor sheet resistance, trans-
mission and figure-of-merit [366, 369].

Several examples of complete stretchable electronic
devices tested under uniaxial strain have also been reported
in the literature. These include published plots of device-
specific performance parameters for stretchable solar cells
[55, 240, 370-373], thin-film transistors [73, 285, 360,
374-378], diodes [202, 375], capacitors [81, 123, 354,
365], supercapacitors [304, 305, 379-385], batteries [102,
386-390], mechanical energy harvesters [391], light-emit-
ting devices [3, 249, 359, 361, 392], antennas [17, 18, 197,
393-399], electronic circuits [4, 112, 200, 211, 400] and
biomedical devices [109]. Kaltenbrunner et al. [370] per-
formed uniaxial, biaxial and cyclic stretching strain toler-
ance studies for P3HT:PCBM solar cells fabricated on
extremely thin plastic substrates, and Lipomi et al. [240]
published an excellent mechanical study showcasing solar
cells formed using strain-tolerant electrodes and two dif-
ferent photoactive compositions. In each publication,
photovoltaic performance metrics were recorded during
various strain processes, and the authors focussed their
discussion on mechanisms leading toward strain tolerance.
For TFTs, some of the trends noted in bending mode have
been reproduced in stretching experiments. This includes
carrier mobility that linearly increases/decreases with strain
and partially recovers with relaxation [285]. Gaikwad et al.
[386] published current/voltage characteristics, impedance/
frequency maps and electrical discharge curves for
stretchable batteries under several strain conditions, and
Liang et al. [392] showed plots of current density, lumi-
nance and efficiency versus tensile strain up to 120 % for
stretchable OLEDs on polyurethane acrylate substrates.
Kubo et al. [18] characterized RF antennas under stretch-
ing-mode strain by reporting reflected power and resonant
frequency for both linearly increasing and cyclic tensile
strains up to 120 %, and Kim et al. [200] formed stretch-
able ring oscillator and differential amplifier circuitry and
recorded the variation in voltage outputs under various
strain conditions.

Variations in device performance as a function of
deformation have further been exploited to engineer strain
sensors that can withstand much larger deformations than
traditional inorganic devices [10, 17, 115, 123, 126, 153,
354, 365, 393, 396, 401]. These flexible strain and pressure
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sensors are of particular interest for biomedical applica-
tions, and therefore the devices must remain functional
over the large range of deformations which skin and other
tissues regularly exhibit.

Shear/twisting deformation

Flexible electronic devices deployed into everyday use are
also certain to be subjected to shear, which is a stress/strain
state that occurs when parallel planes within a sample are
forced in opposing directions. Bending can be considered a
shear strain, and a range of other simple motions such as
twisting, tearing or rubbing also generate shear [402]. For
example, the shear force exerted on a surface by a fingertip
during tactile perception has been estimated to be ~8 N
[403, 404], and therefore reliable electronic devices must
withstand shear forces much greater than this. While shear
is often ignored, it is as critical as any other mechanical
deformation mode.

Several common tests of shear properties impose stres-
ses and strains using a twisting motion known as torsion
[223], and the progression of a torsion experiment (shown
in Fig. 7a) is tracked by continuously recording the twist
angle, 0, and applied torque, 7. Few descriptions of
mechanical tests of flexible electronics in shear/torsion
have appeared in the literature. Torsion tests of electrical
conductors [251], microfluidic antennas [395], LED arrays
[3] and complex flexible circuits including inverters, ring
oscillators and amplifiers [211] have been performed, and
the mechanics of twisting/shear deformations were
specifically studied (including calculations of the maxi-
mum locally induced strains) for interconnects bonded at
each end to a substrate [203, 405]. Adhesive electrical
interconnects designed for mounting rigid ICs to flexible
substrates have also been assessed in shear [229], but the
electronics themselves were not designed to deform in
these experiments. The shear resistance of electrically
conducting threads adhered to the contact pads of textile-
integrated temperature sensors has been studied in shear
using a force gauge, and the shear resistance of these
components was found to be on par with that of flip-
chipped IC devices [404]. LCDs have also been tested both
under progressively increasing shear strain and strain
cycling at 2 Hz to a maximum of 20,000 cycles [406, 407].
A simple twisting-mode experiment was also performed on
a stretchable battery, by demonstrating that the device
could power an LED while twisted 90° [386].

Adhesion, cohesion and scratch testing
Good adhesion between all the materials in a device stack

is vital in the formation of useful flexible electronic devices
because external loading can provide the energy to separate

PMMA
substrate

Fig. 7 a Photograph of a torsion testing apparatus. Reproduced with
permission from [402]. b Photograph of a materials system set up for
peel testing. In this case, the adhesion of a PDMS/PMMA interface is
being probed by embedding a polyester fabric directly within the
PDMS overlayer and applying force to the fabric. Reproduced with
permission from [408]

poorly bonded materials from one another and render the
device inoperable. In most practical experiments, adhesion
is quantified by reporting the force or energy required to
separate the constituent materials. Flexible devices could
be evaluated in this manner, with the energy required to
disrupt the weakest interface determining the functional
adhesive strength of the device. In the case of strong
adhesion between layers, the constituent materials may also
individually fail before failure occurs at an interface (i.e.
cohesive rather than adhesive failure).

Numerous methods for evaluating adhesion strength
between two layers have been developed, and some excellent
reviews of these techniques are available [233, 234, 409].
One extremely simple qualitative test, known as the “tape
test” [217, 233], involves merely affixing and removing an
adhesive tape. In conventional tape tests, optical inspection
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is used to determine if the film remains intact following the
test, but for functional electronics, before/after or cyclic
measurements of device-specific performance parameters
can also be recorded. These simple tape tests have been
performed on various flexible conductors [250, 253, 254,
320], transparent conductors [26, 261, 265, 268, 270, 410-
412], fuel cell membranes [412] and batteries [413]. These
tape tests are useful, yet they are also highly qualitative: no
numerical values for adhesion are obtained, the tests results
cannot generally be compared from publication-to-publica-
tion (or even from experimenter-to-experimenter), and the
tests are limited to investigating adhesive strengths less than
that between the tape and film (which could itself vary with
the type of tape utilized).

Other, more quantitative tests are available, and these
have been used to determine thin-film adhesion for a variety
of materials. Peel testing is a mechanized variation of the
tape test used to quantify adhesive forces [233, 234]. In this
test, the adhesive tape (or even the film itself) is attached to
a motor and load cell, and a mechanical force is applied
while the opposing material is held firmly in place. As the
two materials of interest are separated, force/displacement
data are recorded. In Fig. 7b, a peel test is shown with a
tensile tester physically pulling on a piece of fabric (yellow
colour) embedded in a PDMS film; strong adhesion
between the fabric and the film is critical for achieving
quantitative measurements. Most of the disadvantages
inherent to manual tape tests (noted above) remain in place,
but quantitative data can be collected [414]. Several sub-
strates with surface treatments intended to improve adhe-
sion of electronic materials have been assessed in peel tests
[415], as have transparent conductors [416], and complete
organic solar cells [417, 418]. The results of peel tests have
also been used to inform stretchable electronics numerical
modelling studies [183]. A “dual cantilever beam” mode
has also been used to reveal adhesion information [416—
418]. In this mode, a test sample is firmly affixed (with an
appropriate adhesive) between two plates, and these plates
are then separated while recording force/displacement data.
The test structure is forced to fail somewhere within the
device stack, and the force/displacement curve can be
analysed to determine failure energy. This technique has
been employed to measure adhesion/cohesion properties of
several solar cell architectures [416—418].

Scratch testing methods [218, 221, 222, 231-234] have
also been used to assess the interfacial strength of elec-
tronic materials. In these tests, a stylus is forced into
contact with the sample and translated across the surface,
inducing shear stress at the substrate/film interface. This
interface will fail if shear forces exceed a critical load
correlated with the interfacial strength, so in the most
useful scratch tests, the load is linearly increased during the
test in order to determine this critical load. The technique
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has been criticized (primarily due to difficulties in accu-
rately identifying when failure occurs, and also in estab-
lishing reliable comparisons when different styluses or
substrates are utilized) [233], but it does remain a well-
established technique for evaluating adhesion. Several
examples of application to flexible electronics have been
published including evaluation of critical loads for several
transparent conductors [238, 346, 419-421], piezoelectric
transducers [420] and both semiconductors and dielectrics
for FETs [414, 415].

Observation and analysis of bending processes [185,
186, 234, 422, 423] has also been used to measure the
adhesion/cohesion of material sets intended for flexible
electronics. Generally, samples are deformed (often using a
four-point bend geometry) while collecting force/dis-
placement data, and post-analysis reveals parameters such
as critical loads for adhesive/cohesive failure and adhe-
sive/cohesive energy. Vibration [420], indentation [234,
238] and pulsed laser irradiation [181] have also been used
to induce failure in analyses of adhesive/cohesive strength.

Impact resistance

In the hands of consumers, flexible electronics are also quite
certain to be shock loaded as products are dropped, struck
with objects or subjected to weathering (e.g. hail). A pro-
duct’s ability to withstand these loading conditions is
assessed in tests of “impact resistance”, and several ASTM
standards are available that describe the equipment used in
these tests [216, 219, 220]. Generally, impact experiments
are performed by releasing an object of known geometry
above a test specimen and delivering a calculable quantity of
kinetic energy to the sample. In an impact experiment with
full support, the sample is placed on a rigid plate with no
relief structures, while in an impact experiment with partial
support, the test specimen is only supported at few points and
the load is applied at a position between the supports. In
either case, the supports should be designed to ensure that
they do not deform during the experiment and that the kinetic
load is dissipated exclusively within the sample itself. Once
the load impacts the test specimen, the kinetic energy can
either be absorbed elastically or inelastically. Energy
absorbed elastically typically recovers, leading to “bounc-
ing” of the load, while inelastic absorption leads to perma-
nent damage of the test specimen. The outcome of the
experiment is usually quantified by reporting “mean failure
energy”, where “failure” is defined as the creation of any
visible damage on the test specimen. These experiments
could conceivably be adapted to flexible electronics simply
by redefining “failure” as a change in any device-specific
performance parameter by a pre-defined amount.
Descriptions of impact tests as applied to flexible elec-
tronics are limited. The adhesive interconnects between
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rigid ICs and flexible substrates were assessed in drop tests
[424], and the contact resistance was found to increase
roughly linearly with absorbed impact energy, while the
slope increased with humidification. Complete LCDs have
also been evaluated in ball drop impact tests [406], and it
was found that fully supported devices tended to fail with
modest ball drop heights (~4 cm), while partially sup-
ported devices flexed to absorb considerable impact energy
and recovered without suffering damage.

Techniques to improve the durability of flexible
systems

In the sections above, techniques to characterize a variety
of systems—from individual components to integrated
devices—have been described. The ultimate purpose is to
improve the operation of these devices under a variety of
mechanical conditions. As illustrated in the typical
deformable device shown in Fig. 8, the development of
complete flexible electronics systems necessitates a com-
bination of several diverse materials within a single plat-
form. Because stress concentrations may become severe at
the hard/soft interfaces, the junctions between materials are
typically the source of device failure during deformation
[188]. This problem has long been recognized as a major
challenge for reliable operation, and in the following sub-
sections techniques that have been used to mitigate the
problem are reviewed.

Engineering stress distribution across layers

When exposed to frequent bending or stretching, cracks
develop in the stiffest materials, and layers with mismatch-
ing mechanical properties may debond. To solve this, early

Fig. 8 Simplified anatomy of a
flexible electronics system. In
general, hard and soft materials
can typically be found in
electronically active and passive
components, respectively. The
interfaces between Data / Power Cable
mechanically dissimilar (if necessary)
materials are prone to failure '
during mechanical stress cycles

Power source /
Data transport
(hard)

studies concentrated on the failure mechanics of alternating
organic/inorganic layers [63, 174, 425]. These studies guided
the development of optimal flexible encapsulation layers for
organic light-emitting diodes (OLEDs), where extremely
limited oxygen/water permeation (~107¢ g/m*/day) is
required to achieve a reasonable lifetime (>10,000 h) [179,
187]. Utilizing this fundamental understanding of failure
mechanics in layered heterogeneous structures, Suo et al.
[168] suggested positioning the most brittle components in a
neutral mechanical plane, as described above. Positioning
the brittle components (usually semiconductors and oxides;
often active devices) at the neutral plane and surrounding
them with more strain-tolerant layers (usually the substrate
and encapsulation layers) creates a more mechanically
robust system. This simple concept has been employed as
one of the most basic principles for array-level integration of
flexible electronics [200, 288, 299].

Nanoribbons and nanomembranes

Nanomembranes are freestanding materials, where thick-
ness is less than a few hundred nanometers [426], and
nanoribbons include only the subset of these nanomem-
branes where one lateral dimension is orders of magnitude
shorter than the other. Each of these nanostructures can be
used to dramatically improve a material’s bendability.
Semiconductor nanomembranes and nanoribbons, for
example, are well known for photon/phonon confinement
effects and unusual optical/thermoelectrical behaviour
[427]. In the bulk, inorganic semiconductor materials have
large moduli (~ 150 GPa for Si, ~85 GPa for GaAs) and
undergo brittle fracture at strains of ~1 % or less [198].
With aggressive thinning, however, 200-nm-thick free-
standing nanoribbons clearly show considerable flexibility
(Fig. 9a). This behaviour is due to the fact that bending

Polymeric Interconnect Functional Device
matrix (hard or soft) (hard)
(soft)

Interconnect/matrix
interface

Device/matrix
interface

Interconnect/device
interface
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Fig. 9 a SEM image of an
array of released silicon
nanoribbons with a thickness of
~300 nm. b The bending
stiffness of silicon membranes
(red) and energy release rate for
thermally driven delamination
(blue) as a function of the
membrane thickness between

2 nm and 200 um. The plot
indicates that 2-nm-thick
nanomembranes have

~10" times less flexural
rigidity and are ~10° times
more adherent to the substrate
than 200-pm-thick counterparts.
¢ SEM image of a wavy array of
GaAs nanoribbons on a PDMS
substrate. d Optical image of
stretchable CMOS circuit with
single-crystalline silicon
nanoribbons. Reproduced with
permission from (a) [198],

(b) [426], (¢) [202] and

(d) [431] (Color figure online)

stiffness and bending-induced strains scale with the cubic
and linear power of thickness (Fig. 9b). In a dramatic
example that rigid materials are rendered flexible when
dimensions are reduced into the nano-regime, nanomem-
branes of brittle semiconductors (such as GaAs) were rol-
led into nanotubes under the action of residual stress [428—
430]. With this approach, two or more layers of semicon-
ductors are grown epitaxially, and upon release from the
substrate, differences in the interatomic distances cause
compressive (tensile) stress on the layer with larger
(smaller) lattice parameter. This lattice mismatch then
leads to a bending strain that rolls the bilayer structures into
nanotubes with diameter down to a half micron [428].

To fabricate nanomembranes or nanoribbons in practise,
controlled delamination is often employed [89, 170, 191,
199, 203, 432]. In ahomogeneous film/substrate system with
poor adhesion, compressive strain can induce spontaneous
delamination, leading to “delamination blisters” with a
spatial periodicity characteristic of the mechanical proper-
ties of the film/substrate system. By relaxing pre-strain (as
described above), these delamination blisters can be induced
controllably, thereby rendering the system stretchable. The
technique is further refined by pre-patterning the substrate
for selective adhesion. Localized UV/ozone treatment of
PDMS, for example, leads to selective adhesion of Si or
GaAs nanoribbons, and invoking the pre-strain relaxation
procedure on such a patterned substrate leads to controlled
delamination at untreated areas [202]. With this process, the
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designer is able to pre-select advantageous film/substrate
bonding sites (at connections with circuit elements, for
example) and utilize the remainder of the material to intro-
duce strain tolerance. Rogers et al., for example, harvested
single-crystalline semiconductor nanoribbons from silicon-
on-insulator [375] and GaAs [202] wafers, and transfer
printed onto pre-strained PDMS substrates. When the pre-
strain was relaxed, the nanoribbons formed periodic, wavy
structures on the elastomeric substrate (Fig. 9c) with wave-
lengths defined by lithographically patterned bonding. The
wavy structure naturally provides stretchability (up to
~100 %), compressibility (up to ~25 %) and bendability
(with radius of curvature down to 5 mm) for GaAs
nanoribbons [202]. It is important to note, however, that out-
of-plane devices and interconnects may be especially vul-
nerable to abrasion or scratching. For device reliability, it
may be necessary to situate these out-of-plane components in
protected cavities or otherwise encapsulate them [371].
Single-crystalline inorganic semiconductor nanoribbons
formed through controlled delamination have enabled a
wide range of array-level integrated flexible/stretchable
electronics (Fig. 9d) [200, 433]. It is also notable that
nanotubes possess extreme bendability and have been uti-
lized in system-level integration of flexible/stretchable
electronics [50, 287, 433, 434]. Graphene and other 2D
materials are also promising options to maximize the
merits of nanomembranes and nanoribbons by reducing the
layer thickness into the atomic level [262, 435, 436].



J Mater Sci (2016) 51:2771-2805

2793

Separation of brittle components

Spatial separation of brittle components is perhaps the most
influential strategy for array integration of stretchable
electronics. The basic idea is rather simple: instead of
tightly grouping the brittle components, they are dispersed
across the substrate. Regions between the brittle compo-
nents are then optimized for strain tolerance (by, for
example, utilizing interconnects formed with controlled
delamination, as discussed above), which alleviates the
danger of stress localization at the brittle components.
Given that semiconductors (such as silicon, III-V materials
or pentacene) tend to be the materials most susceptible to
strain-induced damage, this lateral separation concept has
been applied to form flexible ICs with laterally spaced
semiconductor devices interconnected with stretchable
conductors (Fig. 10) [14, 201, 211, 437]. In these circuits,
the logic/switching elements are well separated from one
another, and power sources/communication modules
(which are generally stiff and use a sizable area fraction)
are also broken into discrete pieces and distributed across
the substrate. Development was a heavily collaborative
effort, and the history and significance are archived in a
handful of review papers [14, 89, 108, 198, 438].

An advanced approach involves local modification of
the substrate to mechanically reinforce regions where
brittle components are intended to be positioned. Early
efforts from Wagner’s group at Princeton resulted in stiff
inorganic islands interconnected by compliant metallic
conductors patterned on a soft substrate [195, 439], and the
concept was further enhanced by tuning the local stiffness
of a PDMS substrate by controlling the cross-linking
density [72, 374]. In this latter work, the key lies in pat-
terning a photoinhibitor within the PDMS. These elemen-
tary technologies led to system-level integration, where

Fig. 10 SEM images (left) and
mechanical models (right, strain
colour scale shown on far right)
of two different interconnect
structures with controlled
buckling for high-performance
stretchable electronics. In a and
b, silicon nanomembranes are
selectively bonded at the nodes
of a mesh, and arc-shaped
interconnects bridge the
electronically active nodes. In
¢ and d, the interconnects have
non-coplanar meandering
shapes with improved strain
tolerance. Reproduced with
permission from a, b and

d [108], and ¢ [211]

macroscopic ICs (mm to cm scale) were directly embedded
in an elastomer matrix to allow immediate commercial-
ization [193, 440, 441]. The greatest merit of this approach
is that chip reliability under severe operating conditions has
already been established, and thus only the resilience of the
interconnects requires verification [358]. The downside is,
of course, compromised flexibility (due to the rigid and
bulky ICs) and the possibility of delamination.

Summary and outlook

The field of flexible electronics is rich and diverse, with a
wide assortment of useful devices currently under intense
development. Most of these emerging devices have rigid
analogues, such that the introduction of flexibility is
intended to broaden the range of applications where the
devices may be implemented. Consider a solar cell, for
example: rigid modules are excellent energy harvesters, but
flexible variants might be integrated into clothing or
manufactured in a roll, then cut to length on request. Other
emerging devices, such as many implantable biomedical
interfaces, simply could not be realized without the ongo-
ing advances of flexible electronics research. In any review
of the field, the reader must certainly be armed with an
understanding of these various classes of flexible devices,
and therefore we began by discussing basic technologies,
operating mechanisms, performance metrics and the key
research challenges involved in the development of these
devices. This overview immediately draws attention to the
central role played by device mechanics in the overall
reliability of a flexible electronic system, and therefore an
introduction to device mechanics as written for the non-
expert was included. This discussion involved crack for-
mation/evolution, factors driving interfacial delamination
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and mechanics principles specific to bending and stretching
deformations of brittle films on compliant substrates. The
various means of evaluating strain tolerance of electronic
devices (grouped according to deformation type, i.e.
bending, stretching, twisting, delamination, scratching and
impact) were then discussed in detail, and throughout this
section, we included information intended to guide the
reader in designing the most effective and trustworthy
measurements of strain tolerance. Finally, we discussed
advanced concepts for pre-designed strain tolerance in
flexible devices: positioning fragile components along
neutral planes, engineering controlled out-of-plane defor-
mations, and distributing the most brittle components over
a large, selectively reinforced area.

Looking forward, it is exceedingly clear that opportunity
still remains to enhance the mechanical resilience of flex-
ible electronic devices. One emerging concept that is worth
highlighting is that of “molecularly stretchable electron-
ics”, i.e. materials designed for innate stretchability by
virtue of their molecular structures rather than geometry
[39]. Through controlled copolymerization of electroni-
cally active monomers, it may be possible to form
mechanically compliant forms of most components of
flexible electronics. This approach potentially eliminates
the source of mechanical failure on a fundamental level,
although challenges may come in ensuring that the elec-
tronic properties are adequate.

A rather interesting approach for interconnecting cm-
scale chips was recently suggested by the Rogers group [4].
Here, all the electrical components are first fully encap-
sulated followed by immersion in silicone oil (i.e. an
uncrosslinked viscous monomer) to mitigate abrasion that
may occur during operation. The silicone oil and devices
are then hermitically packaged within stretchable elas-
tomers. This concept does, however, increase the volume
of system and carries some danger that oil may leak if the
packaging is punctured.

Finally, it is worth mentioning that the future of flexible
electronics may advance beyond the concept of stretchable
macroelectronics. For example, the Lieber group at Har-
vard suggested a new concept employing 3D networks of
nanowire sensors embedded in a tissue scaffold [442].
Hydrogels that are extremely tough and resilient can rev-
olutionize the field of stretchable electronics [443], where
most of the substrate materials are currently silicone or
polyurethane based. Invasive electronic networks and
hydrogels are important motifs that can lead to artificial
tissues, bioimplants and robotics applications. With this
diversification of materials and device form factors,
mechanical testing and fundamental understanding of
device mechanics will be increasingly important for the
future of the field.
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