John A. Rogers

Introduction

Historically, the vast majority of work in electronic materials has
addressed, either directly or indirectly, a development pathway
that was established shortly after the invention of the integrated
circuit (IC) 50 years ago, in which functional improvements
in systems follow from increases in the number densities and
switching speeds of transistors, driven mainly by decreases
in their individual sizes.'” Alternative forms of electronics,
configured for driving flat panel displays, emerged roughly
15 years ago to establish a market presence that now represents
a significant fraction of overall sales of semiconductor devices.*
Here, the primary metric for scaling is overall area coverage,
rather than transistor size or speed; the associated challenges
in materials science are much different, but no less interesting,
than those in ICs.>"'° Flexible electronics represents a natu-
ral extension of this large area, or macroelectronics technol-
ogy, where motivation derives from unique form factors (e.g.,
paper-like displays)""'* and processing options (e.g., roll-to-
roll) that follow from the use of plastic substrates.'>!® Although
commercial applications are only now emerging, most believe
that this segment will grow rapidly in coming years. Here, we
focus on yet a different, and even newer, class of electronics
whose key attribute is that it is capable not only of bending,
but also of stretching with reversible, linear elastic responses
to large strain (>>1%) deformations."”*! Such electronics can
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be twisted, folded, and conformally wrapped onto arbitrarily
curved surfaces, without mechanical fatigue or any significant
change in operating characteristics.'*2*>% These mechanics
lead to powerful engineering design options and modes of inte-
gration, including direct, seamless mounting on tissues of the
human body in ways that provide unprecedented functionality
in surgical devices, monitoring systems, and human-machine
interfaces.*® #0445 In the following, we summarize an approach
to stretchable electronics/optoelectronics that exploits estab-
lished inorganic semiconductors in strategic geometries and
layouts to yield levels of performance that can match similarly
designed devices fabricated in the conventional way on rigid,
planar semiconductor wafers.?’2*445 The focus is mainly on
our work, as examples, in stretchable electronics; other arti-
cles in this issue, and other published reviews,*!**447 provide
summaries of alternative and, in some cases, complementary
approaches.

Materials and processing

The technical scheme for high performance stretchable elec-
tronics involves two ideas: (1) the use of semiconductor nano-
materials, in shape-engineered forms, as the active components,
and (2) circuit/device layouts that minimize strains in these
and other “hard” constituent materials when integrated with
“soft” elastomeric substrates. For the first, wafer-scale sources
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of semiconductor material, in bulk or thin-film form, serve as
starting points for the “top down” fabrication of wires/ribbons/
membranes.**-! In nanoscale thicknesses, these structures have
exceptionally low flexural rigidities (e.g., >10" smaller than
conventional wafers of corresponding materials) and experience
minimal strains even when bent to small radii of curvature,
both of which are consequences of elementary principles in
mechanics®>3—the flexural rigidity is EF*/12, where E is the
elastic modulus, and H is thickness (~0.5 mm for a wafer, and
as small as ~2 nm for a nanomembrane), and the maximum
strain due to bending is € = H/(2r) where r is the radius of cur-
vature (g€ ~0.001% for 4 =10 nm and » = 0.5 mm). Figure 1
summarizes three representative routes to this class of
nanomaterial. The first (Figure 1a) uses anisotropic pro-
cessing of a silicon wafer with (111) crystallographic ori-
entation.*®*’ Here, reactive ion etching defines trenches with
well-controlled widths and depths, oriented perpendicular
to the (110) direction. Subsequent deposition of passivation
layers (e.g., Si0,, Au) on the top surfaces and sidewalls of
these trenches protects them during anisotropic etching of
the exposed silicon with potassium hydroxide (KOH) or
tetramethyl ammonium hydroxide (TMAH).
This process removes material along planes

aluminum arsenide (AlAs), both grown epitaxially on a GaAs
wafer, yield bulk quantities of GaAs nanoribbons/membranes
(Figure lc, right frame) upon selective removal of AlAs with
hydrofluoric acid.®® In this case, the wafer can be re-used for
multiple growths, as in Figure lc.

Nanomaterials, or even ultrathin, fully formed devices,*
generated using the schemes shown in Figure 1, can be
integrated onto substrates of choice in a controlled, deter-
ministic fashion by the techniques of transfer printing.®3¢
An important feature of this process is that it exploits the
known, lithographically defined positions and orientations
of undercut-etched nanostructures, each anchored at its
corners to the underlying wafer. Retrieval from these pre-
determined sites, followed by release onto other substrates,
can be accomplished with polydimethylsiloxane (PDMS)
stamps. (Figure 2a) The procedure involves switching the
strength of adhesion between these structures and PDMS
from strong to weak states by exploiting viscoelastic and/
or geometric effects.®>* Advanced implementations allow
printing of many millions of structures per hour, in ambient
conditions, with yields exceeding 99.99% and sub-micron

of (110) at much higher rates (>100X) com-
pared to (111), thereby releasing wires/ribbons/ E
membranes with nanoscale thicknesses from
the near-surface region of the wafer. The
geometry of the trenches and the coverage of
the passivation layers define the dimensions
of these structures. Repeating these steps
can convert nearly all of the material of the
wafer into these types of elements or other @
nanostructured forms. Related schemes are
applicable to other materials, such as GaAs and
InP.>" Advanced implementations with silicon
have capabilities for releasing thick, multilayer
stacks in a manner that yields bulk quantities of
nanomaterials in a single process sequence.*
A complementary approach uses layered
materials formed by wafer bonding and pol-
ishing or controlled fracture,** or by epitaxial
growth. The most common example starts with
silicon-on-insulator (SOI) wafers,!16.19:55:56
Undercut etching of the buried oxide with hydro-
fluoric acid, or the silicon support using the
schemes of Figure 1a, releases the top Si layer
with or without the insulator intact. The latter
process appears in Figure 1b. Other examples
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of SOI-like structures include germanium-on-
insulator (GOI), silicon-germanium-on-insula-
tor (SGOI), as well as III-V semiconductors and
many other combinations.’’ % For the last class
of material, epitaxial liftoff techniques can also
be used.®*? In a recent, advanced scheme, alter-
nating layers of gallium arsenide (GaAs) and

Figure 1. Schematic illustrations (left) and corresponding images (right) of semiconductor
nanoribbons and membranes derived from wafer-scale sources of material by lithographic
patterning and undercut etching. (a) Anisotropic wet chemical etching of a silicon wafer
with (111) orientation. The scanning electron microscope image on the right shows a
collection of partially released ribbons (~500 nm thickness). (b) Etching the exposed buried
oxide of a silicon-on-insulator (SOI) wafer releases the top silicon to yield collections of
nanoribbons (thicknesses of 300 nm shown here). (c) Etching sacrificial layers of AlAs in
epitaxial multilayer stacks of GaAs/AlAs releases large quantities of GaAs nanomembranes.
Reproduced with permission from Reference 63. ©2010, Nature Publishing Group.
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by amounts that do not exceed the pre-strain,

retrieve
composite stamp

the wavy structures change in shape to accom-
modate overall deformations in ways that
involve minimal strains in the membrane.
The elastomer support provides the overall
restoring force. The maximum strain in the
film &g, is related to the pre-strain g, by*> ¥
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where g, = (3ES / Ef) /4 1is the critical buck-
ling strain and is very small, ¢, ~ 0.036%,
for the silicon film and PDMS substrate; Ef
and E, are the plane-strain moduli of the film
and substrate, respectively. The strain in the
film g, is reduced by 3x and 9x for ¢, =

pre

1% and 10%, respectively. Whitesides et al.?

Science.

first reported this kind of geometry by direct

Figure 2. Transfer printing provides a high speed, scalable method for deterministic evaporation of thin films of gold on PDMS.
assembly of semiconductor nanomaterials into organized layouts. (a) Schematic illustration
of the printing process. (b) Image of an automated transfer printing tool, composed of a
collection of precision, computer-controlled motion stages, and a high resolution imaging use these and other related structures of gold
system for overlay registration. (c) Image of an array of GaAs membranes (250 x 250 um) on PDMS to achieve stretchable intercon-
transfer printed onto a plate of glass and a thin, flexible sheet of plastic (inset). Reproduced
with permission from Reference 23. ©2009, American Association for the Advancement of

Subsequent efforts demonstrated the ability to

nects with remarkable levels of deformability
(e.g., 200% stretchability) through combined

positioning and overlay accuracy. A picture of an automated
printing system with these and other capabilities appears in
Figure 2b.%® Figure 2¢ shows images of an array of GaAs
platelets printed with this tool onto a piece of plastic.?* Mate-
rials with thicknesses spanning the sub-nanometer level to
tens of microns, and with lateral dimensions ranging from
the nanometer to centimeter scale, can be manipulated in a
similar fashion.64¢7

Unconventional designs and stretchable
electronics

Interconnected assemblies of nanomaterials printed onto
elastomeric substrates can yield stretchable electronic/
optoelectronic devices.!” ! Here, analytical and com-
putational mechanics models help to define layouts
that minimize strains in the semiconductors and other
electronic materials, most of which fracture at strains
of only ~1%, or less.’>** Some simple geometric routes
to this goal are shown in Figure 3, presented as pairs of
experimental images (left) and mechanics modeling of
the associated strain distributions (right). The first exam-
ple results from bonding a silicon nanomembrane to a
bi-axially prestrained (~4%) slab of rubber (Figure 3a)"
to enable controlled buckling upon release of this strain.
Compressive stress associated with release of the pre-strain
causes non-linear buckling instabilities that create “wavy”
configurations with “herringbone” layouts in the membrane.
When a hard/soft materials construct of this type is stretched
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effects of changes in geometry according to
Equation 1 and motion of micro/nanocracks
in the films.?”%

An improvement on this approach involves (1) structuring
of the membrane into an open mesh geometry and (2) selec-
tively bonding the resulting mesh to the elastomer only at the
nodes.”"” Figure 3b shows the result for a silicon nanomem-
brane patterned into an array of rectangular nodes (i.e., islands)
connected by pairs of straight bridges that delaminate from
the substrate to adopt arch-shaped structures upon release of
the pre-strain. Under deformation, these non-coplanar bridges
move in response to applied strains (for strains less than the
pre-strain), thereby providing a certain level of mechanical
isolation for the islands. The maximum strains in the bridges,
Eprigee> AN islands, g,,4, are related to g, by”"”

pre

2
Flisland spfe Ebridge H, bridge
€ = ZTC_ S e | —| &
bridge 1+ 4 island E, H bridge » (2)
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where L is the bridge length, H,, g,

and island thicknesses, respectively, and E, ;,,. and £, , are the
Young’s modulus of the bridge and plane-strain modulus of
the island, respectively. This strategy is most effective when
the bridge thickness is much smaller than the bridge length, and
the sizes of the islands are small compared to their separations.
For H,;4,= 50 nm and L4, = 20 um,” the strain in the bridge
Eprigee 18 Teduced by 6x, 21x, and 90x for ¢, = 1%, 10%, and
100%, respectively, and &4, can be further reduced for thin
and long bridges. The strain in the island ¢, is the same as
Eprigee TOT islands and bridges having the same elastic modulus

and H,,,, are the bridge

ridge
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and thickness; and ¢g,,, can be further reduced as the island
elastic modulus and thickness increase.

Some applications, such as those in stretchable photovolta-
ics, image sensors, and display/lighting modules, benefit from
layouts that have high areal coverages of device islands. Such
requirements can be addressed with a design modification that
involves thin elastomer substrates with raised features of relief
with lateral dimensions that match the sizes and layouts of the
islands.” In this configuration, strains induced by deformations
localize, almost entirely, to the recessed regions between the
islands, corresponding to the positions of arc-shaped intercon-
nects that buckle downward. Here, the maximum strains in the
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where L,,.q and L., are the length of the island and length
of the trench between islands, respectively. For Hy ;.= 50 nm
and Lig,ng = Lyensn = 20 pwm, which gives 25% areal coverage of
device islands, the strain in the bridge &, is reduced by 230x
for g, =100%. For the same total length Li,.q + Lyenen = 40 pm
but a much smaller length of the trench L., = 5 um (i.e., L

bridges and islands are related to ¢

‘pre
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Figure 3. Experimental images (left) and mechanics modeling (right) of four different
classes of structures with controlled buckling for high performance stretchable electronics.
(@) A silicon nanomembrane uniformly bonded to an elastomeric substrate adopts a
“wavy,” herringbone morphology. Reproduced with permission from Reference 19. ©2007,
American Chemical Society. (b) A similar membrane structured into a mesh layout and
selectively bonded only at the nodes takes a form that involves suspended, arc-shaped
bridges (interconnects). This design offers enhanced ranges of stretchability compared to
the case in (a). (c) Exploiting elastomer substrates with features of surface relief matched
to the nodes of the mesh structures improves the mechanics to enable both high areal
coverage and a large range of stretchability. Reproduced with permission from Reference
74. ©2011, John Wiley & Sons, Inc. (d) Advanced version of the structure in

(b), where the interconnect bridges have non-coplanar serpentine shapes. Reproduced with
permission from Reference 21. ©2008, National Academy of Sciences.

by™ = 35 um), the areal coverage of device islands increases to

71%, and the strain in the bridge €4, is reduced
by 150x for the same pre-strain g, =100%. An
example of this appears in Figure 3¢.™

Extreme stretchability (>100%) can be
accomplished by replacing the straight bridge
interconnects with those that have serpentine
shapes, as in Figure 3d.?'” Here, the applied
strain can significantly exceed the pre-strain.
For an applied strain € = 106%, the maximum
strain in the serpentine bridges is only 0.35%
(i.e., a reduction of strain by 300x).”® As in the
other examples, strong and weak bonding at the
sites of the islands and interconnects, respec-
tively, leads to non-coplanar layouts optimally
suited for accommodating strain. Coplanar
schemes have been explored by other groups
using fabrication and integration strategies
that are different than, but complementary to,
those discussed here.**337¢ In all cases, practical
applications demand encapsulants for mechani-
cal protection and environmental barriers over
the entire area. As demonstrated in systematic
experimental”” and modeling studies, low modu-
lus materials that provide minimal constraints
on the motions of the interconnects are desir-
able. The stretchability in this case can be deter-
mined analytically as a function of the pre-strain
and the elastic modulus of the encapsulation
layer.”® We note that for any design, the behavior
depends strongly on the detailed geometries and
materials.

These simple concepts in materials, assembly/
integration, and mechanics immediately
enable diverse classes of stretchable electronic
and optoelectronic devices. Figure 4 provides
some examples. A system that exploits the
mechanics of Figure 3a appears in Figure 4a.2
Here, an ultrathin (~1.7 pm), complementary
metal oxide silicon (CMOS) circuit that uses
silicon nanomembranes as active materials
in a neutral mechanical plane layout bonds
in a “wavy” configuration to an underlying
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Figure 4. Examples of stretchable silicon circuits, AllnGaP light-emitting diodes and GaAs
photovoltaics. (a) Two-dimensional wavy complementary metal oxide silicon (CMOS)
circuits, in as-fabricated (top) and deformed (bottom) configurations. Reproduced with
permission from Reference 20. ©2008, American Association for the Advancement of
Science. (b) An array of GaAs photovoltaic microcells on a structured elastomer substrate.
Reproduced with permission from Reference 74. ©2011, John Wiley & Sons, Inc. (c) Array
of GaAs microscale inorganic light-emitting diodes (u-ILEDs) in a flat state and twisted

by 360° and 720°. (d) Strain distributions in the twisted substrates, calculated by 3D

finite element modeling for the case of the 720° twist. Reproduced with permission from
Reference 24. ©2010, Nature Publishing Group.

In addition to stretchability, the mechan-
ics enables mounting of devices on nearly
any class of substrate, flat or curved. Integra-
tion can be further facilitated by elastomeric
planarization and adhesive layers that provide
some mechanical decoupling of deforma-
tions in the underlying substrate from those
in the mounted circuit. Figure 5 shows, as
examples, electronic and optoelectronic
devices integrated into substrates ranging
from fabric (Figure 5a), vinyl (Figure 5b),
leather (Figure 5¢), and paper (Figure 5d) to sheets
of aluminum foil (Figure 5e) and leaves from
a tree (Figure 5f).”>?* Some of these instances
have clearly envisioned uses, such as in “instru-
mented” surgical gloves (Figure 5b) or paper-
based diagnostic devices (Figure 5d); others are
purely exploratory (Figure 5f), as demonstrators
for unusual engineering options that suggest
opportunities in biointegration, as discussed
subsequently.

Bioinspired cameras

Regarding system-level device examples, we
focus on two classes of technology that are not
well-addressed by other forms of electronics:
digital cameras with bioinspired, hemispherical
layouts, and biointegrated devices for clinical
use in cardiology, neurology, and other related
areas of medicine.* #7781 Corresponding to
the first area, Figure 6a shows an electronic
“eyeball” camera that incorporates a hemispher-
ically curved photodetector array with the size
and shape of the human eye.”' The fabrication
starts with the formation of a planar, intercon-
nected array of silicon photodiodes in a mesh
geometry to exploit the mechanics of Figure 3b.
Controlled compressive deformation using
a shaped, thin elastomer stamp accomplishes a

elastomer. When mildly stretched, the amplitudes and wave-
lengths of the waves reduce and increase, respectively, in a
manner that avoids significant strains in the devices. Although
full-area coverage of circuit elements is possible with this
design, the range of stretchability is modest (i.e., 20% or less).
Figure 4b displays an example using the scheme of Figure 3c,
which retains the coverage capability but expands stretching to
dimensional changes of tens of percent.”* Serpentine intercon-
nects further improve the mechanics, as demonstrated with an
array of ultrathin (~2 pm), microscale inorganic light-emitting
diodes (u-ILEDs) on a rubberband, in Figure 4c.>* Mechanics
modeling (Figure 4d) show shear strains approaching 50%
for the case of twisting by 720 degrees. Related devices show
ranges of stretchability that approach the fracture limits of the
PDMS substrates (i.e., ~200%) when the maximum strain in
the devices is only 1%.

230 W MRS BULLETIN - VOLUME 37  MARCH 2012 - www.mrs.org/bulletin

planar to hemispherical geometry transformation and transfer to
the concave surface of a glass support. Mounting the resulting
component on a printed circuit board connects it to external
data acquisition hardware; coupling a simple, plano-convex lens
fixed in a transparent hemispherical shell completes the camera.
The fields of view, levels of aberration, and illumination unifor-
mity that are possible with this hemispherical design all exceed
those achievable with conventional, flat photodetector arrays
when similarly simple optics are used.**#*? Figure 6b presents a
picture captured with this camera, rendered in the hemispheri-
cal geometry of the detector (top), and as a planar projection
(bottom); the actual object appears in the right inset. The key
feature of this device is that the shape of the photodetector
array approximately matches that of the image formed with the
lens (i.e., the curved surface associated with the imaging pro-
cess, known as the Petzval surface). Precise matching involves



MATERIALS FOR STRETCHABLE ELECTRONICS IN BIOINSPIRED AND BIOINTEGRATED DEVICES

Figure 5. Examples of stretchable electronics/optoelectronics
integrated onto diverse substrates, facilitated by the use of
thin, strain-isolating adhesives. (a) Silicon CMOS circuits on

a piece of fabric (a), and on vinyl (b) and leather (c) gloves.
Interconnected array of microscale inorganic light-emitting
diodes (u-ILEDs) on a piece of folded paper (d), a sheet

of aluminum foil (e), and a leaf (f). (a—c) Reproduced with
permission from Reference 22. ©2009, John Wiley & Sons, Inc.
(d—f) Reproduced with permission from Reference 24. ©2010,
Nature Publishing Group.

surfaces in the shape of elliptic paraboloids.®*#? Other published
routes to similar types of layouts include expandable silicon
chip arrays, connected by spiral filaments or leaf-springs, and
printed organic devices.**37%3 Although functioning cameras
have been not been achieved in these cases, such procedures
appear to have potential as an alternative path to devices of the
type of Figure 6a—b.

A deficiency of all of these reported designs is that the
detector geometries are fixed. As a result, wide-range, tunable
zoom cannot be realized because the detectors cannot follow
the associated changes in the Petzval surfaces. The principles of
stretchable electronics, however, enable detector curvature that
can be adjusted continuously to provide a level of functionality
that is not found in nature (i.e., unlike imaging organs found
in biology). An example of this capability (Figure 6¢) uses a
photodiode array with interconnects in the design of Figure 3c,
supported by a thin PDMS membrane clamped at its edges
by a circular fixture.!! The radius of curvature of the mem-
brane can be precisely controlled using a simple, miniaturized
hydraulic system. The associated mechanics result in an overall
hemispherical shape over a wide tuning range, confirmed by

measurements as well as mechanics and optics modeling.®! A
quantitative understanding of the shape of the detector array
and the positions of the detectors is important. The radius of
the hemispherical shape can be obtained analytically in terms
of the applied pressure.’! d denotes the initial diameter of the
membrane and z the height of the hemisphere after the applied
pressure. A detector pixel at an initial radial position 7, relative
to the membrane center, moves to a new radius 7' and height
z' given by,

, d*+4z% (Zr ., 4dz j
I =———SIn 75111 — |,

8z d*+4z7°
, d-47 d+47>° (2r . ., 4dz 4
zZ = - COS| —SIn e B

8z 8z d d +4z

Coordinating this adjustment with the magnification setting of
a tunable, fluidic imaging lens yields a hemispherical camera
capable of adjustable zoom, as shown in the sequence of pic-
tures in Figure 6d.

Biointegrated surgical tools

A second area of interest for system-level applications is in
electronics that intimately and non-invasively laminate onto
the surfaces of human tissue (internal or external) in a mode
referred to as biointegration.?*34# Traditional devices rely on
interfaces consisting of small numbers of rigid point contacts,
each with separate cables that connect to remotely located rigid
electronic systems.?** The principles of stretchable electronics,
by contrast, enable devices that are themselves tissue-like in
their physical properties (i.e., thin, soft, curvilinear), with the
ability to follow the motions of the body without any significant
mechanical or mass loading effects. These characteristics enable
conformable adhesion with electrical, thermal, optical, and
chemical access, and robust binding without irritation.** Such
devices can provide thousands or millions of interface points,
with local electronics for advanced processing, monitoring,
stimulating, or other functions, along with multiplexed readout
to minimize the number of wire connections.* In one example
of a device that offers extreme flexibility, shown in Figure 7a, a
sheet of silicon electronics, consisting of more than 2000 nano-
membrane transistors, laminates onto the epicardial surface
(i.e., the outer layer of the heart), much like a piece of plastic
wrap, to perform high speed mapping of cardiac electrophysiol-
ogy.* Here, electrocardiograms (ECGs) measured by each node
in the sensor array are collected by data acquisition systems
and converted into color maps in real-time. Figure 7b shows
a representation of a time sequence of electrophysiological
maps collected with a typical device from the healthy, beating
heart of a live porcine animal model. High speed multiplexing
transistors and local amplification ICs at each sensor location
enable this operation. This technology provides much higher
resolution, with much shorter data collection times than existing
clinical approaches, all of which involve manual positioning of
single-point electrode probes at different locations across the
heart for mapping in a point-by-point fashion. Measurements

MRS BULLETIN « VOLUME 37 - MARCH 2012 - www.mrs.org/bulletin 1 231



MATERIALS FOR STRE

BLE ELECTRONICS IN BIOINSPIRED AND BIOINTEGRATED DEVICES

and therapeutic operations. An example of such
a multifunctional, instrumented balloon device
appears in Figure 7c, where the functionality
ranges from ECG mapping to temperature and
tactile sensing, to flow monitoring, tissue abla-
tion, and LED-based activation of photosen-
sitive drugs.* The images show the balloon
in deflated (top) and inflated (bottom) states.
ECG traces recorded from the right ventricle of
aporcine model appear in Figure 7d (top frame).
One of the most common procedures to elimi-

flat state

— 2 mm

r=257 mm

5 (axis units: mm)

nate aberrant tissue uses radio frequency (rf)
energy to induce lesions on the surface of heart
and into the depth of the tissue by controlled
amounts (Figure 7d, bottom frame). The process
relies mainly on Joule heating associated with
the current induced by rf ablation electrodes.
The applied power and time, the geometry of
the electrodes, and their degree of contact with
the tissue determine the lesion size and depth.
In situ temperature, flow, and physical contact
monitoring during ablation, coupled with quan-
titative models for heat generation and thermal
diffusion are, therefore, important for execut-
ing this type of therapy. All of the necessary
functionality can be integrated directly with
the balloon, using the concepts of Figure 3d, as
illustrated in Figure 7c—d. Such tools have the
potential to reduce risk and improve effective-
ness in cardiac surgeries.

In a most recent and advanced demonstra-
tion of the concepts of biointegrated devices,

Figure 6. (a) Image of a hemispherical electronic eye camera. (b) Picture of an eye
captured using the camera shown in (a), rendered in the hemispherical geometry of the
photodetector array (top), and in a planar projection (bottom). Inset shows the original
picture. (c) Images of an electronic eye camera that incorporates a photodetector array
with tunable curvature, in flat (left) and convex (right) states. (d) Pictures of a test pattern
captured using such a tunable device, at four different zoom magnification settings

(r, radius of curvature). Reproduced with permission from Reference 81. ©2011, National
Academy of Sciences.

electronics have been achieved with physical
properties, ranging from modulus to degree of
stretchability, areal mass density, thickness, and
flexural rigidity, all matched to the epidermis.
Devices in this format can laminate onto the sur-

face of the skin, much like a temporary transfer

of this type represent critical steps of open-heart surgical pro-
cedures that involve locating, and then removing, regions of
the tissue that are responsible for certain forms of arrhythmias.
Technologies that can improve this process are, therefore, clin-
ically valuable.

Another mode of operation involves endocardial access,
using devices that insert into the heart remotely through arteries
or veins. The concepts of stretchable electronics can address
this circumstance as well through integration of circuits and
integrated sensors onto the surfaces of otherwise conventional
catheter balloons. In this approach, device functionality on a
deflated catheter is delivered to the interior of the heart via
an artery or vein. Inflation then softly presses the deformable
membrane of the balloon against the endocardial surface in a
configuration where the surgeon can perform a range of sensing
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tattoo, to provide various types of healthcare and
non-healthcare related functions.* An image of
a demonstration platform for this type of epidermal electronic
system (EES) appears in Figure 8a; the structure includes
antennas, wireless power coils, silicon nanomembrane metal
oxide semiconductor field-effect transistors (MOSFETs) and
diodes, strain and temperature gauges, along with rf inductors,
capacitors, and oscillators. The mechanics designs, which repre-
sent advanced versions of the layout shown in Figure 3d,*' and
substrate materials yield effective moduli in the range of ~100
kPa and thicknesses of ~30 um (Figure 8a).* With these proper-
ties, simple lamination, without straps or glue layers, leads to
conformal contact with the skin to yield robust adhesion even
under significant deformation (Figure 8a). The bottom frame in
Figure 8a shows a collapsed EES after peeling a device away
from the skin; the inset shows a cross-sectional schematic view
of the system and the low modulus (~50 kPa) substrate, which
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Figure 7. (a) Image of an electrophysiological (EP) sensor array conformally laminated
onto the epicardial surface of a porcine animal model. The inset provides a magnified
view. (b) Mapping results at four different times (), where the measured surface potential
is displayed as a color map. Reproduced with permission from Reference 43. ©2010,
American Association for the Advancement of Science. (c) A multifunctional “instrumented”
balloon catheter in its deflated (top) and inflated (bottom) states. The device includes

EP and rf ablation electrodes, temperature sensors, pressure sensors, and arrays of
microscale inorganic light-emitting diodes (u-ILEDs). (d) Electrocardiogram recorded by
a pair of EP electrodes positioned on the right ventricle (RV) of a rabbit heart (top) and
an image of lesions created by rf ablation (bottom). The inset shows EP and rf ablation
electrodes and a temperature sensor. Reproduced with permission from Reference 44.
©2011, Nature Publishing Group.
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Figure 8. (a) Images of an epidermal electronic system (EES) mounted on human skin,
in compressed (left) and stretched (right) states. The EES collapses under its own weight
after detachment from the skin (bottom). The inset shows a schematic cross-sectional
layout, highlighting the thin construction and the neutral mechanical plane (NMP)

design of the polyimide (PI) and device. (b) Electrocardiogram recorded from the chest
using an EES (left) and magnified view (right) that shows clear Q, R, and S waveforms.
The bottom frame shows spectrographs of alpha rhythm recordings with eyes closed
and open for the first 10 and subsequent 10 seconds, respectively. Reproduced with
permission from Reference 45. ©2011, American Association for the Advancement of
Science.

is based on silicone elastomer. This contact also
yields low-impedance coupling of electrodes for
electrophysiological measurements, without the
use of conductive gels or penetrating pins. Fig-
ure 8b presents measurement results for ECG
(top) and electroencephalography (EEG; bot-
tom) recorded with EES mounted on the chest
and forehead, respectively, to monitor activity
of the heart and brain, respectively. The ECG
measurement electrodes use local amplifica-
tion to yield data with clear QRS signatures
(Q, R, and S waves) and signal-to-noise ratios
that compare favorably to those obtained with
conventional bulk electrodes and conductive
gels. Likewise, the EEG traces exhibit charac-
teristic alpha rhythms when the subject’s eyes
are closed. With eyes open, these rhythms disap-
pear, as expected.® Data in these and other cases
can contain sufficient information for human-
machine interfaces, as recently demonstrated
through a simple computer game controller
based on EES measurements of muscle activ-
ity near the throat.*

Conclusions

The field of stretchable electronics is evolving
rapidly, driven mainly by advances in materi-
als and assembly techniques. The development
path relies critically on quantitative mechanics
design, at a level of importance that is compa-
rable to circuit design in conventional electron-
ics. An emerging baseline of capabilities now
enables innovative and realistic engineering
efforts, some of which are yielding sophisti-
cated system-level demonstrators in important
areas of application that cannot be addressed
with any other approach. A valuable perspec-
tive on this field is that dominant trends in the
semiconductor industry are, in an unexpected
way, coincident with demands associated with
approaches such as those in Figure 2. In par-
ticular, the drive toward smaller and thinner
devices to improve operating speeds and levels
of integration in conventional ICs has immedi-
ate and direct benefits in stretchable electronics
because these same geometries lead to favorable
mechanical properties. Such synergies greatly
enhance the prospects not only for biointegrated
electronics*3404445 and bioinspired device
design,’”7"8 as described here, but also for
many other classes of stretchable, curvilinear
technologies in portable photovoltaics,” confor-
mal thermoelectric,’” curvilinear active anten-
nas,® solid-state lighting systems,”*?* energy
harvesters,*'*° and others. At the same time,
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many compelling opportunities for continued basic research
follow from the unusual and extreme materials heterogeneity
inherent in these systems. The topics range from synthesis and
physics of semiconductor nanomaterials, to soft adhesion and
self-assembly, to micro/nanomechanics and fracture science, to
heat transfer and energy conversion processes, to bio-compatible
materials and interfaces in biotic/abiotic systems. These combined
attributes in science and technology suggest that the field of
stretchable electronics will remain a fertile, expanding area for
research and development for many years to come.
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