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Stretchable Figures of Merit in Deformable Electronics

Darren J. Lipomi

1. What Is Stretchable?

Readers of this Special Issue are well aware of the advantages
of electronic materials and devices exhibiting the unusual prop-
erty of “stretchability.” For example, such devices can be bonded
to substrates exhibiting complex topography without becoming
wrinkled, they are, or should be, resilient and tough, and are
enabling the next generation of semiconductor devices in fields
as disparate as energy conversion and storage, digital imaging,
and implantable biomedical devices. The proliferation of mate-
rials, device layouts, and applications in the burgeoning field of
stretchable electronics, however, has produced fuzziness in the
meaning of the word “stretchable.” A rubber band is stretchable
because it exhibits an elastic (reversible) mechanical response
over a wide range of imposed strains. In a different sense of
the word, no one would object to the classification of chewing
gum as stretchable, but its deformation becomes plastic (irre-
versible) after only a few percent strain. Indeed, visitors to
Italy's Museo della Tortura will find The Rack, along with
a placard describing its operation and its special place in the
depths of medieval sadism, which proved that the stretchability
of Homo sapiens is not reversible. Stretchability is, neverthe-
less, a useful word for illustrating the distinction of materials
and devices that can be deformed by more than a few percent
(while retaining their function) from materials and devices that
are only flexible due to the fact that they are thin. Stretchable
materials and devices, however, can be made to accommodate
strain using several different strategies, which are based on
using either composite materials or electronic materials that
are stretchable in the bulk.

2. Types of Stretchable Electronics

Stretchable electronics can be subdivided conveniently into two
classes: stretchable composites!!! and intrinsically stretchablel?
electronic materials. Stretchable composites use high-perfor-
mance functional components, which are usually not stretch-
able on their own, and pair them with an elastic matrix, into
which the functional components are embedded, or onto which
they sit. Stretchable composites can be further subdivided on
the basis of whether the active materials are deterministically
patterned or randomly incorporated. Deterministic composites
(Figure 1a), exemplified by the work of Rogers, Wagner, Suo,
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and co-workers,l¥] generally use wavy or serpentine structures
that accommodate strain between rigid islands, which support
the functional components, for example, individual solar cells,™
light-emitting devices,? or sensors.®) While semiconductors can
be rendered stretchable as wavy nanoribbons,”! complex inte-
grated circuits are generally still rigid and the stretchable com-
ponents are metallic interconnects. The mechanical properties of
the device are generally dominated by the mechanical properties
of the stretchable substrate or matrix. Sometimes, in the case of
tunable antennae based on liquid metals embedded in micro-
channels,®! the stretchable conductor is also the active com-
ponent (and the strain changes the resonant frequency of the
antennae). There is some flexibility in the choice of the substrate,
which can be, for example, silicone elastomer, or silk fibroin
(which has the additional advantage of bioresorbability).”!

Random composites generally comprise high-aspect-ratio
structures, for example, nanowires!'” or carbon nanotubes,??
dispersed in or atop a stretchable matrix.'") Percolation of the
nanostructures preserves the interconnectedness under global
strain. Metallic nanowires,'! carbon nanotubes,?¥ intention-
ally fractured thin films,? and nanowires of semiconducting
polymers!!¥l have all been used in this way. Stretchable conduc-
tors formed by random compositing can also be used with rigid
components, as demonstrated by Someya and co-workers in a
stretchable organic light-emitting display, which used stretch-
able interconnects based on carbon nanotubes. The matrix
for either deterministic or random composites can be either
elastomeric or, less often, thermoplastic.??l The principal advan-
tage of stretchable composites is that the high performance
of the active components is preserved. Challenges to this
approach include the necessity for multistep microfabrication,
including lithography, transfer printing, and vacuum deposi-
tion of metallic films, and the incorporation of relief structures
by soft lithographic techniques.

The alternative, though substantially less developed, approach
to compositing is to use electronic materials whose molecular
structure or solid-state microstructure produces stretchability.<
Variously called intrinsically®® or molecularlyl?d stretchable
electronics, such materials and devices have, in principle, the
advantage of not requiring relief features or photolithography.
Ideally, every component of a device, including the active com-
ponents and interconnects, should exhibit similar elasticity
and should be printed from the solution phase directly on an
elastomeric substrate, which ideally would also serve as a bar-
rier to water and oxygen. The disadvantage is that printed elec-
tronic materials, especially organics, have inferior electronic
performance to metals and conventional semiconductors, and
the additional constraint of making them also elastic and elec-
tronically invariant to stretching limits the choice of possible
materials substantially. (To address these deficiencies, our labo-
ratory and others have begun to discover and develop rules that
might allow one to achieve the “best of both worlds” in printed
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Figure 1. Images of stretchable electronic materials and devices and depictions of the terminology used here. a) A stretchable device comprising rigid
active components and stretchable interconnects. Reproduced with permission.P? Copyright 2013, Nature Publishing Group. b) Simplified hypothetical
stress—strain curve for a polymer under uniaxial deformation. The slope of the curve in the elastic regime, Ej, is the tensile modulus of the film. The
tensile modulus, along with the crack-onset strain, can be determined readily from film-on-elastomer systems. The resilience can be calculated roughly
from the yield point and the tensile modulus, and the toughness (the area under the curve) can be very crudely estimated with knowledge of the
crack-onset strain, the yield point, and the tensile modulus. Reproduced with permission.['®! Copyright 2015, ACS. ¢) Mechanisms by which thin films
exhibit reversible stretchability. Left, a polymer solar cell stretched to 10 percent elastically. Reproduced with permission.'”] Copyright 2014, Wiley-VCH.
Center, an optical microscopy image of an organic semiconductor stretched beyond its yield point and then relaxed to the equilibrium dimensions of
the substrate and exhibiting buckles. Reproduced with permission.['® Copyright 2012, Elsevier. Right, a metallic film stretched beyond its crack onset
strain on a polymeric substrate. Reproduced with permission.'] Copyright 2009, American Institute of Physics. Each system is stretchable, though the

active components accommodate strain by different mechanisms.

electronic materials that combine deformability with state-of-
the-art electronic performance.’%) It is likely that intrinsically
stretchable electronics can only be used for relatively simple
devices, such as light-emitting devices, solar cells, or circuits
comprising only a few transistors, at least until the advent of
high-performance semiconducting elastomers.

3. Modes of Deformation

Given the range of possible materials and device layouts (and
the corresponding range of mechanical response), it is easy
to see why notions of stretchability might differ between
researchers whose training is in different fields. For stretch-
able systems comprising deterministic composites, in which
the potential effects of cyclic loading and deformation are
not expected to change the microstructure of the deformed
components during the normal use of the device, stretch-
ability simply means elasticity. Devices that are completely
elastic can be used in all scenarios requiring stretchability,
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including integration with moving parts, soft and reconfig-
urable surfaces (as in the skinl® and internal organs/??), and
one-time bonding to unchanging nonplanar surfaces (e.g.,
hemispheres, lenses, windshields, and architectural ele-
ments),['* as long as they are restrained against returning to
their equilibrium shape. For such devices, strains must be
kept within a specified range, beyond which the interconnects
fracture, components delaminate, or the elastomeric matrix
ruptures.

Intrinsically stretchable electronic devices based on organic
semiconductors exhibit a complex range of behavior, since all
of the components deform simultaneously, and all have their
own tensile moduli, yield point, and crack-onset strain. Gener-
ally, there is an elastic range in which the components can be
stretched before they either plastically deform or crack. In this
range, the form factors of intrinsically stretchable materials are
interchangeable with those of stretchable composites. Beyond
this range, however, one or more of the components may
undergo plastic (irreversible) deformation. In the plastically
deformed state, the device may still be bonded to nonplanar
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substrates. If the matrix is still in its elastic regime then the
device may still be able to accommodate strain reversibly, but by
a mechanism in which a film stretched beyond its yield point
forms accordion-like buckles when the substrate is returned to
its equilibrium shape. After reaching the yield point, the mech-
anism that accommodates reversible stretching is bending and
unbending of the buckles, and thus a device that started out as
“intrinsically” stretchable ends up exhibiting a mechanism that
resembles the strain response of deterministic composites.['®!
In fact, devices stretched to the point at which the active mate-
rials crack is not necessarily the point at which the device fails.
Intentional cracking of metallic films has long been a useful
strategy in creating stretchable conductors,?! though the struc-
ture (and conductivity) evolves over many cycles of loading.['?
Chortos et al. even found that cracked semiconductor films
in stretchable field-effect transistors retain function under
cyclic loading.??l Thus, intrinsically stretchable devices remain
“stretchable” until catastrophic failure, which could include
complete delamination of the layers (open circuit), complete
bifurcation of the channel in a transistor (open circuit), or
contact of the electrodes between the active layer in a solar cell
(short circuit). It is interesting to note that in most studies of
stretched semiconducting polymers, charge transport tends to
improve along the strained axis because of the alignment of
chains.?3] Thus, in devices such as OTFTs, some degree of
stretching may actually improve the properties of devices, until
they begin to fail by either adhesive or cohesive modes.

4. Figures of Merit

The ultimate goal of the science of stability of stretchable (and
ultraflexible) electronics is to be able to mitigate the mechan-
ical failure of such devices by the appropriate selection of
materials or device layouts.? Since intrinsically stretchable
electronic devices generally use thin films, which often have
mechanical properties different from the same materials in
bulk form, unconventional methods, in which the film is meas-
ured bonded to an elastomer in a composite system (“film-on-
elastomer” (FOE), Figure 1b), are typically used to measure
these properties.*’! For example, the tensile modulus can be
obtained by the buckling methodology, the strain at fracture
can be estimated by the crack-onset strain,??! and the yield
point can be estimated from the minimum tensile strain that
produces buckles once the film is relaxed to its equilibrium
dimensions.'® Once the yield point is known, it is possible
to calculate the modulus of resilience (the maximum energy
stored in the elastic regime of a material per unit volume)
and, combined with the crack-onset strain, one can estimate
(very crudely) the modulus of toughness (the total amount
of energy absorbed by a material prior to fracture, per unit
volume). Once obtained, these values can be used in finite-
element models of whole devices for the purpose of changing
the device layout to place the greatest strains in the materials
with the greatest elastic range (or to direct strain away from
the most brittle components). Other issues, such as poor adhe-
sion, can in principle be mitigated by matching the tensile
moduli of the different layers. Since the active components in
a stretchable device are not intended to be load bearing, and
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since the substrate generally comprises more than ninety per-
cent of the mass of the device, deformation on the active mate-
rials is imposed by deformation of the stretchable substrate.
Thus the quantities that are generally desirable in engineering
plastics: tensile strength and toughness, are less important
than the tensile modulus (which in most cases should be low),
the elastic limit (which should be high for devices demanding
reversible stretchability), and the ductility (i.e., a large crack-
onset strain). We have found that these quantities are well cor-
related for many semiconducting polymers: a semiconducting
elastomer like poly(3-heptylthiophene) (P3HpT) (tensile
modulus = 100 MPa) also has a relatively large elastic limit
(ca. 10%)1% and does not exhibit cracks until strains of over
509.115%1

5. Areas for Exploration

The research community has taken immense strides in engi-
neering devices that are ordinarily regarded as rigid to reach
extraordinary levels of elasticity (or ductility). There are, how-
ever, a few aspects related to device reliability against cyclic
loading and extreme, perhaps accidental, deformation, that
deserve attention. For example, the fatigue behavior of thin
films, especially semiconducting polymers, is relatively unex-
plored. While it is now well known (largely due to the efforts
of O’Connor and co-workers?>?”)) that conjugated polymers
undergo strain-induced alignment of chains, enlargement of
aggregated domains, and reorientation of texture under both
uniaxial and biaxial strain, the microstructural consequences
of repeated strains of lesser magnitude are less well known.
In the case of stretchable electronics involving deformable
metallic films (either deterministically patterned or intention-
ally fractured), the effect of the conditions of deposition and
their known influence on the mechanical properties of these
films are generally unexplored, but are bound to have an effect
given extreme deformation or cyclic loading at more moderate
strains.

There are some forms of damage that occur not from the
intrinsic brittleness of the materials used, but rather from
poor adhesion between layers. It is known, for example, that
adhesion promotors suppress the formation of cracks in rigid
films on stretchable substrates.l?®! The effect arises because, in
a poorly adhered film, a globally applied strain localizes to thin
areas and defects (as it would in an unsupported film), whereas
in a well-adhered film, the strain is distributed evenly (and thus
the crack-onset strain of a film on an elastomer is generally
equal to or greater than the strain at fracture of a free-standing
film).128 The effect of film thickness (for polymers) is also an
interesting area for investigation. While it is known that several
thermomechanical properties change below some critical thick-
ness, for example, the tensile modulus®”! and the glass-transi-
tion temperature decrease while the elastic limit increases,"
this knowledge has not been applied toward improving the
properties of stretchable electronic devices. In cases where the
performance of a device is relatively insensitive to its thick-
ness (as in a stretchable OTFT), reducing the thickness of the
channel for the sake of increasing the stretchability might be a
useful strategy.
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6. So, What Is Stretchable?

This essay began by asking the meaning of the word “stretch-
able” in stretchable electronics. The answer is that it is idiosyn-
cratic, and this idiosyncrasy is the origin of the distress it causes
some researchers, reviewers, and exam committees. As we have
seen, “stretchable electronics” comprise materials and devices
that accommodate strain, or do not accommodate strain,
depending on your perspective, by a variety of mechanisms:
elastic deformation, plastic deformation, strain-evolved forma-
tion of buckles, and even formation of cracks (Figure 1c). The
most conservative definition involves a device that can be elas-
tically deformed and then returned to its original shape in its
original condition. The more inclusive definition is that a device
can be returned to its original shape in whatever condition, as
long as it still functions and can be stretched again. The most
inclusive definition does not require the device to be returned to
its equilibrium shape: such devices fulfill their purpose in their
static, deformed state (like Parafilm). Such plastic, as opposed
to elastic, electronic devices can be used for one-time bonding
to non-planar surfaces. The definition is thus malleable, but the
requirement common to all three definitions is that a device is
stretchable if it still works after it is stretched. Eurekal
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