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Stretchable Electronics

Mechanically-Guided Structural Designs in Stretchable
Inorganic Electronics

Zhaoguo Xue, Honglie Song, John A. Rogers,* Yihui Zhang,* and Yonggang Huang*

Over the past decade, the area of stretchable inorganic electronics has
evolved very rapidly, in part because the results have opened up a series of
unprecedented applications with broad interest and potential for impact,
especially in bio-integrated systems. Low modulus mechanics and the ability
to accommodate extreme mechanical deformations, especially high levels
of stretching, represent key defining characteristics. Most existing studies
exploit structural material designs to achieve these properties, through the
integration of hard inorganic electronic components configured into strategic
2D/3D geometries onto patterned soft substrates. The diverse structural
geometries developed for stretchable inorganic electronics are summarized,
covering the designs of functional devices and soft substrates, with a focus
on fundamental principles, design approaches, and system demonstrations.
Strategies that allow spatial integration of 3D stretchable device layouts are
also highlighted. Finally, perspectives on the remaining challenges and open

but remove the constraints of rigid, brittle,
planar, wafer substrates, through the stra-
tegic integration with soft elastomers.['-14
Compared with the conventional rigid
devices, stretchable inorganic electronics
not only allow large deformations without
degradation in electronic performances,
but also yield conformal integration with
the complex surfaces of tissues of the
human body.®>2% Due to these unique
advantages, stretchable inorganic elec-
tronics technologies significantly broaden
the application areas of conventional
electronics, and also enable novel uses
in health monitoring, advanced human-
machine interfaces and internet of things,
such as epidermal electronics,?'"%% curvi-

opportunities are provided.

1. Introduction

Some of the most useful forms of stretchable inorganic elec-
tronics leverage mature planar semiconductor technologies,
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linear electronics,?°-8] deformable opto-

electronics,?*34 transient electronics,*-%7]

and many other bioelectronic systems. 340

With a series of rapid developments over
more than a dozen of years, stretchable inorganic electronic
systems now define a well-recognized and active field of study,
encompassing a diverse range of fundamental and applied
topics,1=>31 including, for example, a collection of unusual
material/structure designs and techniques to integrate hard
inorganic semiconductor components and geometrically struc-
tural interconnects in optimized layouts onto patterned soft
substrates.”>*5]

Stretchable electronics have achieved high levels of sophis-
tication largely through the use of inorganic active materials.
According to the utility of different conductive materials, stretch-
able inorganic electronics can be classified into three categories,
including those based on the composite stretchable conductors,
liquid metals, and structured semiconductors/metals.96-58]
In the first category, novel nanomaterials dispersed into a
polymer matrices form composite films or fibers, by coating,
dipping, printing, and electrospinning. Various nanoma-
terials have been exploited in this context, including metal
nanoparticles, nanowires, nanoflakes, and the allotropes of
carbon (carbon nanotubes, graphene, and carbon blacks).>9-6]
A key to this strategy is in maintaining interconnected path-
ways through these nanomaterials to enable highly conductive
channels when the substrate is stretched.”-7! Despite great
progress, the conductivities of such composites are typically
lower than those of conventional metals. The second category
of stretchable inorganic conductors relies on liquid metals
patterned and encapsulated into channels of elastomeric mate-
rials.’273 Such constructs can be bent and stretched to levels
beyond those possible with conventional electronic materials.
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These stretchable designs may facilitate extreme stretchability,
while maintaining excellent conductivity.”*7¢ Challenges are
in avoiding blockage and fragmentation of liquid metal in the
channels during stretching, preventing oxidation over many
cycles of deformation, establishing robust, reliable contacts to
electronic components and ensuring robust, reliable packaging
without leakage. A third category exploits mechanically guided
structural designs, which can couple large deformations of
architectures formed in inorganic materials and embedded in
elastomer substrates, without failure.l?*7>77-7%1 Various design
principles can support the intimate integration of systems
formed using these strategies with the dynamic, curvilinear
surfaces of human tissues/organs for new classes of bioelec-
tronics devices. The current review focuses on these concepts
and the resulting technologies that they support.

Inorganic semiconductors and metal foils that are directly
fabricated or integrated on flexible substrates cannot sustain
large levels of stretching that are required in many emerging
bio-integrated applications. Here, the main challenge involves
effectively reducing the strains in the rigid inorganic electronic
materials and metallic interconnects, while accommodating the
large applied tensile deformations at the system level. Progress
in this area has led to a collection of structural designs in
inorganic electronic materials and soft substrates as an effec-
tive strategy to address this challenge.®%%7] In this review, we
highlight such structural designs in state-of-the-art inorganic
stretchable electronics, covering four important aspects of the
design and manufacture, as illustrated in Figure 1. The schemes
encompass the various strategies based on wavy, island-bridge,
fractal, and kirigami structures, with substrates that involve
cellular/surface microstructures and curvilinear patterns. In
addition, we present structural designs for integration schemes
that determine the mechanical and electrical performances of
the entire device systems. Finally, we provide perspectives on
the remaining challenges and open opportunities in this area.

2. Structural Designs of Devices and Systems

High performance inorganic materials are ubiquitous in
modern electronics, but their natural rigidity and brittle
character (e.g., the fracture strain of silicon is only =2%) limit
the stretchability of the resulting devices. Recent progress
shows that structural designs of materials and devices can
render inorganic electronics into forms that provide large effec-
tive levels of stretchability, while maintaining the high perfor-
mance electrical properties. This section focuses on discussions
of several representative structural designs, including the wavy,
“island-bridge,” fractal, and kirigami designs.

2.1. Wavy Designs

High levels of bendability in brittle and rigid inorganic materials
have been demonstrated in the extremely thin membranes. 88
Figure 2a shows that the thin film materials with the thickness
down to nanometers exhibit a unique mechanical bendability.
For example, the flexural rigidity of extremely thin silicon (Si)
nanomembrane (thickness <2 nm) is more than 15 orders of
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magnitude smaller than that of its bulk wafer (200 pm).*l To
further meet the demand for large stretchability in practical appli-
cations, specialized structural layouts and mechanical designs are
required. The “wavy” designs!®’=*l shown in Figure 2b provide
a representative example, in which the applied tensile strains of
the overall system are accommodated mainly through changes
in the amplitudes and wavelengths of the wavy structures.**101
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Figure 1. Summary of the review. Strategies of mechanically guided
structural designs in inorganic stretchable electronics. I) Structural designs
of devices and systems, including wavy designs, island-bridge designs
(e.g., arc-shaped, serpentine, 2D spiral, 3D helical), fractal-inspired
designs and kirigami strategy. Wavy: Reproduced with permission.['*d
Copyright 2006, American Association for the Advancement of Science.
Arc-shaped interconnects: Reproduced with permission. 2%l Copyright 2008,
Nature Publishing Group. Serpentine interconnects: Reproduced with
permission.l! Copyright 2008, National Academy of Sciences. 2D spiral
interconnects: Reproduced with permission.l'3¢l Copyright 2007, IEEE. 3D
helical interconnects: Reproduced with permission."* Copyright 2017,
Nature Publishing Group. Fractal-inspired design: Reproduced with per-
mission.'>4 Copyright 2014, Nature Publishing Group. Kirigami strategy:
Reproduced with permission.*y) Copyright 2014, National Academy of
Sciences. I1) Structural designs of substrate, by introducing surface struc-
ture designs, cellular designs, and curvilinear designs. Surface structure:
Reproduced with permission.l'7®l Copyright 2011, Wiley-VCH. Cellular
substrate: Reproduced with permission.l'”%l Copyright 2017, Wiley-VCH.
Network substrate: Reproduced with permission.’®l Copyright 2015,
Nature Publishing Group. Curvilinear: Reproduced with permission.?’]
Copyright 2013, Nature Publishing Group. IIl) Structural designs for spa-
tial integration of device systems by strategies of folding-based origami,
buckling-guided 3D assembly, and stacked multilayer designs. Ori-
gami strategy: Reproduced with permission.[*2l Copyright 2014, Nature
Publishing Group. Buckling assembly: Reproduced with permission.l
Copyright 2018, Nature Publishing Group. Stacked multilayer: Reproduced
with permission.?4¢l Copyright 2018, Nature Publishing Group.

Two strategies have been demonstrated to produce wavy
structures on an elastomeric substrate, as illustrated in
Figure 2c. Here, ribbon-shaped thin films are transferred onto
a prestretched polydimethylsiloxane (PDMS) substrate, where
the surface chemical treatment enables strong bonding either
throughout the full lengths of the ribbons or at selective sites.
After releasing the prestrain, the thin films are compressed
into wavy structures,*>192105] a5 shown in Figure 2d,e, corre-
sponding to these two different bonding strategies.

For the full bonding strategy, many mechanics models have
been developed to predict the configurations of the wavy ribbon
structures, as well as their stretchabilities.’7100106107] In the
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regime of small deformations (e, < 5%), an energetic approach
based on the small-deformation theory was developed to deter-
mine the buckled shapes, in which the out-of-plane displace-
ment of the ribbon is assumed as a sinusoidal profile. In the
regime of large deformations (g, > 5%), the effect of the finite
deformation in the elastomeric substrate must be considered.
Jiang et al.l1% and Song et al.’%®! developed analytic models in
the framework of finite deformation theory, taking into account
the finite geometry change with different strain-free states for
the thin film and substrate, the finite strain (Green strain) with
a nonlinear strain-displacement relationship for the substrate,
and a nonlinear constitutive model (neo-Hookean) for the
substrate. These models yield an analytic solution to the wave-
length and amplitude, as given by

O mhe (14 ey) (g)l“
- (14 &g ) (1+ Eapp +§)1/3 3E,

he(Epe — € ) fEc— 1

(1 [1+ € )(1+ Eapp +§)1/3

app

and A, =

where the subscripts f and s represent the thin film and
the elastic substrate, respectively; hy is the thickness of thin

— \2/3
film; £C=%(3E£ ] is the critical strain for the buckling to
f

occur and is extremely small (e.g., 0.034% for Si/PDMS

E
(-]
v denoting the Young's modulus and Poisson ratio; and
é = 5(£pre - Sapp)spre(l + spre)/?’z'

Comparison between the results of experiments and finite
element calculations shows the accuracy of Equation (1)
(Figure 2f). Since in the buckled thin film system, the thin film
strain is usually much smaller than the bending strain, the
peak strain €, can be approximated as

system); E= is the plane-strain modulus with E and

2)(Epre — Eupp )& (14 Eapp + 5)1/3
JI+Epe

gpeak =

(2)

Since the critical strain ¢, is extremely small, the peak strain
€peak is much smaller than the prestrain &p.

When a tensile strain is applied to the buckled thin film
system, fracture will occur as &, = €pre + Efacutre 1S reached,
where ¢, is the fracture strain of thin film. The stretchability
IS Egretchability = Epre T Efacture: When a compressive strain is
applied to the buckled thin film system, fracture will occur as

_85‘3&(14,
4€,

e Ehactue 43 € e
pressibility 1S Ecompressiviiy =4—EC(1+§T
show that as the prestrain increases, the stretchability of the
system increases, and the compressibility deteriorates. It is
noteworthy that the stretchability of the system is much larger
than the fracture strain (=2%) of Si thin film.

For the selective bonding strategy, as shown in Figure 2e,g,

formation of the wavy structure follows from a process of
controlled Euler buckling.19112] Here, the bonding sites on the

2
ﬁ Efracture

Earr = Epe 48 4¢
.

} is reached. Thereby, the com-

)—em. These results
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Figure 2. Wavy designs. a) The bendability and the flexural rigidity of thin Si nanomembranes. Reproduced with permission.l®” Copyright 2011, Nature
Publishing Group. b) Schematic illustration of the wavy design of nanomembranes for stretchability. Reproduced with permission.®"l Copyright 2008,
Wiley-VCH. c) Schematic illustration of two different bonding strategies on the elastomeric PDMS substrate for wavy structures, that are fully and
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PDMS surface were selectively activated with UV/ozone expo-
sure or by oxygen plasma treatment to allow chemical bonding
to thin film upon contact, while the inactivated region adhere
by weak van der Waals interactions.l'®! Theoretical analysis
shows that the buckling profile can be expressed by a sinusoidal
function as

1
w; = —A(1+cosﬂ),—Ll <x <L
w= 2 2

&)

w, =0, L <|x| <L,

where w; and w, are the profiles of delaminated and bonded
parts, A is the buckling amplitude, 2L; is the buckling wave-
length, and 2L, is the total length of activated and inactivated
regions after relaxation (Figure 2g). Minimization of the total
energy gives the buckling amplitude as

4 2 \IVVin VVin""VVa Epre
A== LL(ep—e) == ( <)
T

7 1ten 4)

where & = hZm?/121,% is the critical strain to trigger the
buckling, and is much smaller than the prestrain ¢, in most
practical applications. This equation suggests that the ampli-
tude is independent of the mechanical properties and the film
thickness, and is mainly determined by the prestrain (ep)
and the layout of adhesion sites. Figure 2g shows the profiles
of buckled gallium arsenide (GaAs) thin films formed on the
PDMS substrate with different ¢,,. and W;,, where good agree-
ment between the theoretical predictions and experiment
results can be observed.[''?!

The peak strain in the buckled thin film is €,e = 71:%f i—zspre,

1 1
which is typically much smaller than the prestrain. For
example, the peak strain is calculated as 0.6% for a 300 nm
thick GaAs film buckled on a patterned PDMS substrate with
Wit = 10 pm, Wi, = 400 pm, and &, = 60%, which is two
orders of magnitude smaller than the prestrain. This behavior
ensures large stretchability for devices formed with the selective
bonding strategy.

Base on the underlying principles discussed above, the wave
designs have been widely exploited in the stretchable inor-
ganic electronics and optoelectronic devices.'"3] In some of the
earliest work based on the full bonding strategy, Khang et al.l'2l

www.advmat.de

demonstrated a stretchable single crystal Si p-n diode on a
PDMS substrate (Figure 2h) that remained stable when sub-
jected to the applied strain of —11% (top), 0% (middle), and 11%
(bottom). Furthermore, stretchable integrated circuits with
biaxial stretchability were realized based on 2D wavy designs,
which can function normally under an external stretching along
any directions in the plane of the circuit (Figure 2i).14 With
the selective bonding strategy, metal-semiconductor field-effect
transistors (MESFETS) based on controlled buckled GaAs thin
filmst*! were demonstrated (Figure 2j), where the wavy GaAs
thin film can accommodate a large applied strain of =20%.

2.2. Island-Bridge Designs

To realize highly increased levels of stretchability, beyond those
achievable with the wavy designs, the island-bridge design was
proposed.!l Here, the discrete islands (rigid functional device
components) adhered to the flexible substrates are connected
by stretchable bridges (electrical interconnects), wherein the
islands remain strongly bonded with the substrate, while the
bridges typically remain weakly bonded with the substrate.
As a result, the functional components on the islands (e.g.,
Figure 3a) are usually mechanically isolated, since the applied
strains are mostly accommodated by the stretchable intercon-
nects, due to their much higher deformability. The focus of the
island-bridge designs is typically on the structural intercon-
nects, such as the arc-shaped, serpentine, 2D spiral, and 3D
helical forms, as we elaborated below.

2.2.1. Arc-Shaped Interconnects

Similar to the wavy structure formed with a selective bonding,
the arc-shaped interconnects are transformed from a planar
configuration through compressive buckling. Figure 3a
illustrates schematically the fabrication process and mechanics
model for a representative island mesh with arc-shaped inter-
connects.">) Under stretching, arc-shaped interconnects can
effectively deform out of plane to accommodate the applied
strain. Due to the much lower stiffness of the interconnects
compared to the islands, such designs provide an effective
mechanical isolation of the islands. Figure 3b presents an
SEM image of a stretchable silicon mesh along with theoretical
results for the strain distribution in a silicon island element,

selectively bonded onto the substrate. Adapted with permission.[*’l Copyright 2006, Wiley-VCH. d) SEM images of the 1D and 2D wavy ribbons fully
bonded onto PDMS substrate. Left image, reproduced with permission.['l Copyright 2007, National Academy of Sciences. Right image, reproduced
with permission.[1% Copyright 2007, American Chemical Society. e) SEM image of ribbons with selectively bonding on PDMS substrate. Reproduced
with permission.'% Copyright 2006, Nature Publishing Group. f) Wavy configuration with fully bonded strategy. Top panels are the schematic illustra-
tion of the process for fabricating wavy structure on PDMS substrates. Left bottom panel is the wavelength and the amplitude as a function of prestrain.
Right bottom panel is the wavelength and the amplitude as a function of applied strain. Reproduced with permission.'%l Copyright 2007, National
Academy of Sciences. g) Wavy configuration with selectively bonded strategy. Top panels are the schematic illustration of fabricating precisely controlled
wavy structure on PDMS substrates. Bottom left panel is GaAs ribbon structures formed on PDMS substrates with different prestrains. Bottom right
panel is the GaAs ribbon structures with different width of inactivated region W,,.. Top panels, reproduced with permission.['"?l Copyright 2007, Elsevier.
Bottom panel, reproduced with permission.l'%! Copyright 2006, Nature Publishing Group. h) Optical images of a wavy structure of stretchable single
crystal Si p-n diode with different strains applied (-11% (top), 0% (middle), and 11% (bottom)). Reproduced with permission.['2 Copyright 2006,
American Association for the Advancement of Science. i) Optical images of the biaxial stretchable integrated circuits. Reproduced with permission.'™l
Copyright 2008, American Association for the Advancement of Science. j) SEM image of field-effect transistors based on controlled buckled GaAs thin
films. Reproduced with permission.[*’l Copyright 2006, Wiley-VCH.
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Figure 3. Arc-Shaped designs. a) Schematic illustration of the fabrication and mechanics model of the device island mesh with arc-shaped design.
Reproduced with permission.['"> Copyright 2009, American Institute of Physics. b) SEM image of a stretchable silicon mesh with the theoretical results
of the strain distribution in an island element. Reproduced with permission.?8l Copyright 2008, Nature Publishing Group. c) Optical images of stretch-
able CMOS inverter arrays, presenting the representative deformations: diagonal stretching, twisting, and bending. The insets are SEM images for each
case. Reproduced with permission.[*!l Copyright 2008, National Academy of Sciences. d) Stretchability and compressibility as a function of the length of
arc-shaped bridge for the noncoplanar mesh design. Reproduced with permission.['" Copyright 2009, American Institute of Physics. e) Normalized max-
imum deflection and maximum strain of the arc-shaped bridge versus the prestrain of the substrate. Reproduced with permission.["® Copyright 2013,
Royal Society of Chemistry. f) Distribution of circumferential strain for a parabolic elastomeric substrate given by the mechanics model, and the SEM
images of buckling patterns of interconnects. Reproduced with permission.'"®l Copyright 2010, Royal Society of Chemistry. g) Normalized compressive
strain versus normalized work of adhesion to distinguish different buckling modes. Reproduced with permission.l"'®l Copyright 2017, ASME.

of the system and the initial bridge length can be predicted, as
shown in Figure 3d for the case with the prestrain 50%. Both
the stretchability and compressibility increase with the length of
interconnects, while the compressibility increases much faster

where the maximum strain is only 0.08%, much smaller than
the failure strain (=2%) of silicon. These thin, narrow arched
bridge structures can also undergo other complex deforma-

tions, such as the twisting, shearing, and bending, with an
example shown in Figure 3c. than the stretchability. This model is primarily applicable to

Theoretical models can be built to serve as a design basis  the case where the out-of-plane displacement of the intercon-
of such arc-shaped interconnects. For example, Song et al.l!’®  nect is relatively small compared to the bridge length, because
developed a mechanics model to study the buckling deforma-  the assumption of the sinusoidal postbuckling configuration
tions, by modeling the structure as a clamped beam. The out-  is not sufficiently accurate in the case of large out-of-plane dis-
of-plane displacement of the interconnect was assumed to take  placements. To address this limitation, a finite deformation
a sinusoidal form, where the amplitude can be determined from  model was developed,[''®l without the use of the sinusoidal
minimization of the total strain energy. Based on this model, assumption of interconnect buckling deformation. This model
the relation of between the stretchability and compressibility =~ provides an accurate solution to the deflection and peak strain
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in the interconnects, as shown in Figure 3e. These results show
that thin and long interconnects are preferred to increase the
stretchability.

Arc-shaped bridge designs can conform to the surfaces of
soft bio-tissues, such as the epidermis, the epicardium, and
the brain, to provide portable healthcare functionalities. When
the electronic circuit mesh is mapped onto these complex,
curvilinear, 3D shape, the arc-shaped bridges could experience
various different deformation modes (e.g., global buckling,
local buckling, and no buckling), depending on the local strain
and the strength of the interfacial adhesion,"”118 as shown in
Figure 3f. In the case of a weak adhesion with y< 8 Ehe.? (with E
and h being the Young’s modulus and the thickness of bridge),
the local buckling mode never occurs, and the conditions to
induce the global buckling and no buckling are given by

. 2y
f lel<e +, /==
if lel Eh

global buckling if |¢] > &, + %

no buckling

For y <8Ehel, ()

In the case of a relatively strong adhesion with y > 8Ehe.?,
the different buckling modes are controlled by

2/5
nobuckling  if |g< 5(%)

For y > 8Ehe!l,

\/— 2/5
local buckling  if 5[%) S\z;|<£c+2};;LSC (6)

Y
2Ehe,

global buckling if & + <|¢

The above relations distinguish the different buckling modes
and are plotted in Figure 3g.l''l The results agree well with the
experimental observations in Figure 3f. Therefore, these theoret-
ical findings provide a useful reference to predict the buckling
modes of arc-shaped interconnects over an arbitrary surface.

2.2.2. Serpentine Interconnects

Figure 4a shows a 3D schematic illustration of the serpen-
tine unit cell that consists of two curved sections (i.e., the arc)
and three linear sections (i.e., the arm).12012] The in-plane
geometry of the unit cell can be defined by four independent
geometric parameters, including the arc radius R, the width
w, the arm length [, and the arc opening angle a. Moreover,
these parameters can be normalized as w/R)/R, and ¢, cor-
responding to the three degrees of freedom in the 3D design
space, as shown in the bottom panel of Figure 4a. Different
combinations of the three normalized parameters can be rep-
resented as points in the first and the fifth quadrants of this
3D design space to define the in-plane serpentine geometries,
demonstrating the diversity of the serpentine designs to meet
different requirements.[122-127]

In practical applications, the serpentine interconnects can
be either suspended (or nonbonding without considering the
constraints from the substrate during deformations) or fully
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1902254 (7 of 32)

www.advmat.de

bonded to the substrate. Their mechanical behaviors are dif-
ferent in these conditions, and must to be discussed separately.

For the suspended serpentine interconnects, Zhang et al.[128]
developed analytical models to thoroughly study the buckling
physics in serpentine structures, providing a design approach of
the serpentine interconnects to achieve a desired stretchability.
By analyzing the effect of serpentine geometric parameters,
e.g., the thickness ¢, the spacing I; and the width w (Figure 4b),
the critical buckling strain was found to be proportional to the
square of the aspect ratio (t*/w?), and can be given by

2 3w, , 9(az+7m+1)2
. _a(a +6)+7(2a +1)_8a+7f+8(261+7f)m2 \/gi (7)
o film)+ fo(m)a+ f, (m)a® Ew

where G and E are the shear modulus and Young’s modulus of the
interconnect material, respectively; a = I,/]; is the length/spacing
ratio; and fi, f,, and f; describe the contributions of each second-
order term of length scale to the lateral buckling, which depend
only on the unit cell number (m) of the serpentine interconnect.
When the applied strain &,ppjieq < &, the serpentine intercon-
nect does not undergo buckling, and the normalized elastic
StretChabﬂity 8elastic-stretchabilityw/ (eyieldll) can be given as

selasﬁcfstrelchabilityw _ 47]3 +6 (77«' - Z)nz - 12(77 - 3)7] +97m—-28
€yie1dll 12n

®)

where &g is the yield strain of serpentine material, and
N = h/l; is the height/spacing ratio. Equation (8) shows that
the normalized elastic stretchability increases with increasing
height/spacing ratio 1 and unit cell number m, as shown in
Figure 4c. As the critical strain ¢, scales with #2/w?, the above
Equation (8) of nonbuckled serpentine interconnects holds
mainly for relative thick interconnects.

When the applied strain &,ppj.4 > €, the serpentine intercon-
nect undergoes lateral buckling. In this case, the out-of-plane
and in-plane bending strains during the postbuckling processes
are proportional to the normalized thickness and width, respec-
tively. As such, the maximum principal strain in the regime of
reversible deformations can be written as

t w
Emax = &1 (m, a), | Eapplied l_ +8, (my a')sfpplied l_ (9)
1 1

where the first and second terms on the right-hand side
correspond to the out-of-plane and in-plane bending strains,
respectively; g; and g, are the coefficients of proportionality,
depending on the number of unit cell m and the length/spacing
ratio a; and &,ppjieq is the applied strain. Equation (9) indicates
that at small applied strains (\/Eupprea > 8§ppued), the out-of-plane
bending strain dominates in the initial stage of postbuckling.
As the applied strain increase until \/€.pics — Exppiica, the in-plane
bending strain begins to play an important role.

Based on the yield criterion of &, = &yie1q, Where &g is
the yield strain of the interconnect material, the elastic stretch-
ability of the serpentine can be given as

2
gelaslic-srrechability = A’ (10)
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Figure 4. Serpentine interconnects designs. a) Top panels are the schematic illustration of a 3D serpentine unit cell and 2D boundary conditions
labeled. Bottom panel is the 3D design space for serpentine shapes defined by three dimensionless geometric parameters. Reproduced with permis-
sion.'?0] Copyright 2017, ASME. b) Schematic illustration of geometric parameters for a representative serpentine interconnect with m unit cells.
Reproduced with permission.l28l Copyright 2013, The Royal Society of Chemistry. c) Normalized elastic stretchability of nonbuckled serpentine inter-
connects as a function of height/spacing ratio for different number of unit cells. Reproduced with permission.*”] Copyright 2013, Elsevier. d) Elastic
stretchability of buckled serpentine interconnects as a function of thickness/width ratio. Reproduced with permission.l'?8l Copyright 2013, The Royal
Society of Chemistry. e) The prestrain strategy for increasing stretchability of fully bonded serpentine interconnects. Influence of geometric parameters
for metal thickness on the elastic stretchability of serpentine interconnects with and without prestrain. Reproduced with permission.'? Copyright 2013,
Wiley-VCH. f) Experiment and FEA results about the relation of deformation and elastic stretchability of serpentine interconnects with the thickness
of Cu interconnects. Three regimes of deformation occurred: wrinkling, buckling, and scissoring. Reproduced with permission.l3% Copyright 2016,
Wiley-VCH. g) FEA and experimental results of the influence of the substrate thickness and substrate modulus on the stretchability of serpentine

interconnects. Reproduced with permission.l'*] Copyright 2017, Wiley-VCH.

where 4 > 0 is the solution to the following fourth order alge-
braic equation which has a single positive solution

t Eyieial
go(m, a) A + g1 (m,a)—2- =2 =0 (11)

w

Equations (10) and (11) show that the elastic stretchability
only depends on four dimensionless parameters, t/w, &yeiqli/w,
m, and B, as demonstrated in Figure 4d, where the elastic
stretchability increases with decreasing t/w, or increasing
&yietdh/w/m and a.
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Considering the degree of integration of the system in prac-
tical applications, the spacing of functional device islands (i.e., the
physical space for serpentine interconnects) is often limited. This
situation typically demands a large number of unit cells to achieve
large length/spacing ratios a (and thus large stretchability), in
layouts that maintain a relatively small amplitude.

For fully bonded serpentine interconnects, mechanical
deformations become more complex than the suspended
serpentine structure, due to the constraints from the solid
substrate. During stretching, the substrate can confine the
unraveling of serpentine interconnects, thereby decreasing the
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stretchability. Zhang et al.l'?"l proposed a prestrain strategy, in
which serpentine interconnects fully bonded to a prestretched
substrate can yield significantly improved mechanics, with the
stretchability increased by more than two times compared to the
case without prestrain (Figure 4e). Through experiments and
finite element analysis (FEA), two different buckling modes of
serpentine interconnects at different metal thicknesses, namely
local wrinkling and wrinkle-free, are revealed. The analytical
model based on this mechanism can predict the buckling wave-
length at different metal thicknesses, as shown in Figure 4e.
Note that this prestrain strategy can be applied not only to the
serpentine interconnects, but also to other interconnect layouts,
e.g., the horseshoe, fractal, and 3D helical patterns.

Moreover, Su et al.l'*% presented a combined theoretical and
experimental study of the elastic stretchability of serpentine
interconnects in a very wide range of interconnect thicknesses,
where the deformation mechanisms involve wrinkling,
buckling, and scissoring, with the increasing thickness
(Figure 4f). Pan et al.'®! investigated the influence of the sub-
strate thickness and substrate modulus on the stretchability
of serpentine interconnects, showing an enhancement of the
elastic stretchability through the reduction of the substrate
thickness (Figure 4g).

2.2.3. 2D Spiral Interconnects

2D spiral shapes are curves formed by winding a circle from the
fixed point. Such geometries are very common in nature, such
as the famous golden spiral and nautilus shell with approxi-
mately golden spiral structure (Figure 5a). When a lateral force
is applied to this 2D spiral-shaped structure, the spiral unwinds
through out-of-plane deformations to accommodate the
strain energy. Once the force is removed, this strain energy is
released, returning the spiral to its original shape and position.
The 2D spiral-inspired bridge/interconnect design could create
strain-free connected islands, with larger levels of stretchability
compared to those of conventional serpentine interconnects,
given the same area coverage and contour length.

For a stretchable interconnect, a uniform and small curvature
usually contributes to a large stretchability.'133 On this basis,
the Archimedean spiral (r =+ a6, t < 1 in a polar coordinate
system) with uniform and small curvature is a better choice
than golden spiral.l33134 Ly et al.l'32] studied the stretchability of
Archimedean spiral interconnects by FEA. Figure 5b shows up
to 200% stretchability of Archimedean spiral structure and its
deformed states under 80% and 200% strains, where in-plane
stretching induces both twisting and bending deformations of
the interconnect (also displayed in the graph of Figure 5c). Note
that the unwinding deformation compensates for the in-plane
stretching. Upon release of a large applied strain, even if plastic
deformations occur (e.g., 200% strain released in Figure 5b), the
interconnection returns almost completely to the undeformed
shape. Regions that enter the plastic zone can be quite limited
(=1%, as shown in the graph of Figure 5c), such that most of
the interconnects remain in the elastic domain.

To make the spiral-based structure to fit into the nonsquare
areas, a modified Archimedean spiral can be used, as shown in
the top panel of Figure 5d. The key is to modify the original
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Archimedean spiral r =+ a#', t < 1 by multiplying with a smooth
approximation to a step function of 6 and then inserting straight
lines to fit the in-plane area. The FEA results in the bottom
panel of Figure 5d show that the modified Archimedes spiral
becomes more stretchable, with >250% elastic stretchability and
325% stretchability before fracture. The addition of the straight
part enhances the ability of the structure to deform out-of-plane,
without introducing large curvatures. Figure 5e presents an
SEM image of Archimedes spiral as an electroplated copper
interconnect, suspended on the silicon substrate.[*’]

As an alternative to the Archimedes spiral, a 2D spiral-
node design was proposed to limit the out-of-plane defor-
mations during the unwinding process,[*®l as illustrated in
Figure 5f. This 2D spiral structure fabricated by conventional
microfabrication techniques is configured as 1.6 pm thin
spiral ribbons of silicon wrapped around each circular silicon
island (i.e., node; 200 pm in diameter). The active devices are
placed on each island and connected mechanically and electri-
cally via two 2D spiral interconnects to the devices on neigh-
boring islands in a 2D network. Based on this design, all of the
applied strain during the expansion process is accommodated
by the spiral ribbons, while the active device area can remain
almost strain-free. The maximum principal strain in the spiral
arm, €., = W/2R, is encountered in the section that unrolls
last, where w is the thickness of the spiral ribbon and R is the
radius of the innermost spiral winding. The force—displace-
ment relationship based on FEA is shown in Figure 5g, where
the unwinding of the spirals causes a gradual increase in force
until the end-point is reached. A maximum strain of &,,,, = 2%
occurs for a displacement of 6.36 mm, which translates to
a stretchability of >3000%, noting that the initial diameter of
the circular silicon island is 200 pm. Rojas et al.l'*”! analyzed
the design parameters of 2D spiral-node, and proposed an area
efficient design based on a network of hexagonal islands. The
FEA indicates that large strains appear at the two ends of arms,
and that by introducing the serpentine structures (Figure 5h),
the force required to achieve the displacement is halved (e.g.,
from 60 pN for a straight arm to 30 pN for the one with the
serpentine structure). In addition, the strain is also halved
and distributed more evenly along the arm, rather than being
concentrated at a single point.

Rehman et al.3® further optimized the 2D spiral intercon-
nect design by incorporating serpentine structures, as shown
in the bottom left panel of Figure 5i, to improve the stretch-
ability. Compared to the original spiral structure, as shown in
the top left panel of Figure 5i, the optimized structure replaces
the original curved arm with semicircular serpentine arm
structures and horseshoe structures. As displayed by the stress
analyses in the right panel of Figure 5i, the maximum stress of
this optimized compound spiral is reduced to 1779 MPa, corre-
sponding to a 58.47% reduction, in comparison to the original
spiral structure.

2.2.4. 3D Helical Interconnects
The 3D helical interconnects offer structural design with excep-

tionally low effective modulus and high elastic stretchability,
as a particularly very attractive design in stretchable inorganic
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Figure 5. 2D spiral interconnects designs. a) The golden spiral and nautilus shell with approximately golden spiral structure. b) Deformed and unde-
formed shapes of an Archimedean spiral structure. Geometry and FEA results for an original (c) and modified (d) Archimedean spiral design. Bottom
panel: the relation between the maximum principal strain, maximum out-of-plane displacement and the applied strain, indicating the percentage of
plastic zone for the original and modified Archimedean spiral design. The red dots in (d) show the corresponding results for the original spiral design.
Here, the stretchability is defined as the critical strain where maximum principal strain exceeds the fracture strain, 1%. Reproduced with permission.[132
Copyright 2014, Elsevier. €) SEM image of Archimedes spiral electroplated Cu interconnect. Reproduced with permission.l'33! Copyright 2016, IOP
Publishing. f) SEM image of 2D spiral-node design. g) FEA result of the relation of the force and displacement of a single Si islands with two spirals.
Reproduced with permission.l'*¢l Copyright 2007, IEEE. h) Top panels are FEA results of strain distribution along spring structures without (left top)
and with (right top) serpentine ending. Bottom panels are the photograph and zoom-in of an array of 2D spirals with serpentine ending (scale bar is
1 mm, 0.5 mm for the zoom-in). Reproduced with permission.['3”) Copyright 2014, American Institute of Physics. i) Schematics of 2D spiral structure
(left top) and optimized compound structure (left bottom), and stress distribution comparison between original spiral and compound structure along
their arms (right). Adapted with permission.l38l Copyright 2017, Elsevier.

electronics. Unlike 2D serpentine interconnects which involve  strain concentrations through more uniform 3D spatial
sharp strain concentrations upon stretching deformation, deformations.

the 3D helical layouts involve only minor physical coupling Figure 6a highlights the procedures for the forming helical
to the substrate, and therefore, can effectively suppress these  structures by this type of deterministic compressive buckling
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Figure 6. 3D helical interconnects designs. a) Schematic illustration of the assembly procedures for the 3D helical interconnects formed by the deter-
ministic compressive buckling. 2D serpentine interconnect bonded at selected sites (red dots) onto a prestretched silicone elastomer. The SEM image
at bottom shows the experimental result. b) The maximum principal strain in 3D helical interconnect (top). Bottom: The relationship of the average
curvature components and mode ratio of a 3D helical interconnect on the prestrain. Adapted with permission.l**) Copyright 2015, American Associa-
tion for the Advancement of Science. c) Schematic of the mechanics model of the buckling-guided 3D helical interconnects both in the undeformed and
deformed sates. The black dots denote the strong bonding sites with the substrate. A typical serpentine unit cell consists of two identical arcs, each with
the same radius R and arc angle 6,. d) Model predictions and microscale experimental images of the deformed configurations of 3D helical with various
arc angle at different levels of applied strain. Adapted with permission.'*l Copyright 2016, Wiley-VCH. e) Stress distribution in the 2D serpentine and 3D
helical interconnects. f) Optical image of a skin-mounted device for health monitoring with 3D helical interconnects at a state of 50% bi-axially stretching.
Inset is the optical image of the device. Reproduced with permission.'*? Copyright 2017, Nature Publishing Group. g) Schematic illustration of two-stage
encapsulation strategies for 3D helical interconnects. h) Comparison of elastic stretchability between one-stage and two-stage encapsulation for 3D
helical interconnects formed with different prestrains. i) Optical images and FEA results on the undeformed and deformed configurations of 3D helical
interconnects with one-stage and two-stage encapsulation strategies. Scale bars are 1 mm. Adapted with permission.l*6l Copyright 2019, Wiley-VCH.
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process. Filamentary serpentine traces with predefined bonding
sites serve as the 2D precursors that are transferred onto a
prestretched elastomer substrate, with sites of strong bonding
at red dots in Figure 6a. When the prestrain in the substrate
is released, the 2D serpentine precursor is subjected to com-
pressive stresses, triggering the simultaneous in-plane and
out-of-plane translational/rotational motions and bending/
twisting deformations in the nonbonded regions, which results
in the formation of a 3D helical structure. Figure 6b shows
the dependence of the average curvature components and
mode ratio of a 3D helical interconnect on the prestrain. The
maximum principal strain induced by the assembly process is
distributed quite uniformly along the structure (top panel of
Figure 6b), which enables an exceptionally large stretchability
and mechanical robustness.[13140]

Based on an energetic approach that takes into account the
various forms of spatially dependent deformations, an analytic
model of the compressive buckling in serpentine intercon-
nects was developed to predict the deformed configurations
and maximum strains of 3D helical interconnects.!*!l Figure 6c¢
illustrates the key geometric parameters associated with the
mechanics model, considering both the undeformed and
deformed configurations, where the red dots denote the sites of
strong bonding with the elastomer substrate. Figure 6d shows
the model predictions and microscale experimental results of
the deformed configurations at different levels of applied strain
(20% and 60%) for a wide range of serpentine geometries (arc
angle 6 from 30° to 210°).141 The model predictions agree
well with experimental results in all of the different cases, sug-
gesting that the analytic model can be used as a theoretical
reference of design optimization in practical applications.

A comparison of the stress distributions in the 2D serpentine
and 3D helical interconnects (Figure 6e) shows that the Mises
stresses in the 3D layouts vary smoothly and uniformly under
uniaxial stretching, while the deformations of the 2D serpentine
interconnect lead to sharp, unavoidable stress concentrations at
the arc regions.'*!] As a result, the 3D helical interconnects offer
a higher stretchability than the 2D serpentine interconnects, in
a manner that avoids propensity for localized crack formation
or fracture. Figure 6f demonstrates a representative application
of 3D helical interconnects in wearable health monitors,[1*2l
capable of continuous, wireless monitoring of electrophysiolog-
ical signals from the mounted locations on the skin. The overall
layout ensures a uniform and extreme stretchability and bend-
ability in any direction, and meanwhile minimizes the overall
system size (=30 mm in this case, which consists of =250 3D
helices, =500 bonding sites, and =50 component chips).[1*2l

In practical applications, direct physical contact with objects
in the environment could cause an unencapsulated device to
fail, due to physical or chemical damage.*3>-1%] Furthermore,
mechanical isolation of the rigid part of the device from human
tissue could be important in many cases.””] Therefore, the
development of a reliable encapsulation approach to protect
and isolate the inorganic electronic devices is critically impor-
tant. The conventional method for encapsulation, referred to
as the “one-stage encapsulation’ strategy, involves the direct
solidification of a soft encapsulation material delivered in the
form of liquid prepolymer to the device in its unstretched, load-
free configuration. The constraints of the solid encapsulant on
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the interconnect deformations can, however, greatly limit the
stretchability. To overcome this limitation, Li et al.l'*¢! developed
a generic, “two-stage encapsulation” strategy, which forms the
encapsulation while the system is in a prestrained state (encap-
sulating strain €ecp), and then releasing the prestretch to
complete this two-stage process (Figure 6g,h). This strategy can
significantly reduce the constraints of solid encapsulation on
the interconnect deformations and maximize the stretchability.
Meanwhile, this strategy can be widely applicable to various
interconnect configurations, e.g., serpentine, fractal, and 3D
helical interconnects.

The key mechanisms underlying the improvements that
result from the two-stage encapsulation strategy can be attrib-
uted to the 3D configuration of the interconnects and the
unique deformation modes. For a 3D helical interconnects
formed by a relative large compressive strain, knot-like struc-
tures form in the as-assembled state, which mainly results
from in-plane rotational motions at the peaks of the 3D helices
(Figure 6i). These knot-like structures are difficult to unravel
under stretching, which limits the stretchability of 3D helical
interconnects encapsulated by the one-stage strategy. With
two-stage encapsulation, these knot-like structures can be
unwound in advance by applying the encapsulation strain.
After the encapsulation material is cast, the encapsulation
material imposes a constraint on the interconnect that avoids
the recovery of the knot-like structures, thereby improving the
stretchability (Figure 6h).

2.3. Fractal-Inspired Designs

Fractal-inspired design concepts provide a powerful approach to
simultaneously achieve large stretchability and high areal cov-
erage in stretchable inorganic electronics. These concepts can
be exploited in both the designs of stretchable interconnects
and functional device components, as discussed separately in
this section.

The fractal inspired interconnect designs provide a straight-
forward and systematic set of rules for filling a 2D space
with curved filamentary structures to a level determined by
the fractal order. Figure 7a provides an example of a fractal
layout that introduces the serpentine configuration as the first
order structure, and forms the second, third, and fourth order
structures, according to the self-similar geometry. As with the
serpentine interconnects, the fractal inspired interconnects can
also be fully bonded, or nonbonded to the elastomer substrate.
For a nonbonded/suspended interconnect stretched from two
ends, nonbuckled in-plane deformations occur for large t/w
(typically > 1), and buckled spatial deformations for small t/w
(usually <1/5).

For the nonbuckled in-plane deformations, Zhang et al.l'+’]
developed analytical models of flexibility and elastic stretch-
ability by establishing recursive formulae at different fractal
orders. The analytic solution of the elastic stretchability agrees
well with FEA results, as illustrated in Figure 7b. In particular,
the normalized stretchability, &gyetchabilityW/[Eyierd™], increases
with fractal order (n), and is more than doubled for each n
increasing by 1, suggesting that the high-order fractal designs
can greatly improve the elastic limits of the interconnects.
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Figure 7. Principals for fractal-inspired interconnects designs. a) Schematic illustration of fractal layout from order 1 to 4. b) The normalized stretchability
as a function of the fractal orders. Adapted with permission.['*] Copyright 2013, Elsevier. c) Top: Optical images and corresponding FEA results of the
ordered unraveling mechanism of a fractal serpentine interconnect. Reproduced with permission.['*8l Copyright 2013, Nature Publishing Group. d) FEA
and HCM results of the elastic stretchability at various fractal interconnects (from order 1 to 4). Adapted with permission.l'*] Copyright 2014, Elsevier.

For buckled spatial deformations, Xu et al.l¥! demonstrated

an interesting deformation mechanism of ordered unraveling,
as shown in the top panel of Figure 7c. Both the FEA and exper-
imental results illustrate that the second-order and first-order
structures unravel sequentially, in which the second-order
structure unravels first, while the first-order structures remain
substantially undeformed. Unraveling of the first-order struc-
tures starts only after the second-order structures have been
fully extended (e.g., the applied strain of =150% in Figure 7c),
and this unraveling process continues until the maximum
stretchability (=300%) is reached. Based on this mechanism
of ordered unraveling during the postbuckling deformations,
Zhang et al.l*l developed an effective hierarchical computa-
tional model (HCM), that provides a high predictive accuracy, as
validated by experiments and FEA, while significantly reducing
the computational effort and cost. The results in the bottom
panel of Figure 7c illustrate that the elastic stretchability can
be increased by =200 times, with the fractal order increasing
from 1 to 4, clearly showing the advantages of fractal-inspired
designs. It is important to note that in this case, the elastic
stretchability is the stretchability of the fractal interconnect
rather than that of system, since the system-level stretchability
also depends on the ratio of the length to spacing of the island.
For example, when this ratio is 20:1 (corresponding to =90%
areal coverage of the island), 1000% interconnect-level stretch-
ability only translates to =50% system-level stretchability.

Beyond the specific fractal rectangular/serpentine intercon-
nects discussed above, fractal design concepts can be applied
to other basic interconnect configurations, e.g., the zigzag,
sinusoidal, serpentine and horseshoe shapes,®®! for an
additional level of design flexibility.
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For stretchable functional components, fractal layouts
not only improve the stretchability while increasing the
space filling ratio, but also allow conformal matching to
soft materials and curvilinear surfaces, which is very impor-
tant for applications in bioelectronics and other areas in
bio-interfaces and bio-inspired designs.['>2715% The top panel
of Figure 8a presents six representative fractal-inspired
layouts,!'>* ranging from lines (Koch, Peano, Hilbert) to
loops (Moore, Vicsek) and branch-like meshes (Greek cross),
which can be applied to the design of electrophysiological
sensors, precision monitors/actuators, and radio frequency
antennas. Fan et al.> studied the deformations of various
fractal layouts by high precision electromechanical meas-
urements and 3D FEA, showing a high degree of agree-
ment between FEA predictions and experimental results
(Figure 8a, middle and bottom). The table in the top panel
of Figure 8b summarizes the calculated x- and y-directional
stretchabilities of five different second-order Peano layouts
of metal wires mounted onto an elastomer. Because of their
isotropic stretchability, the “Half-and-Half” layouts are well
suited for device design that demands high stretchabilities
along various different directions, for example, in epidermal
electronics. As demonstrated in the bottom panels of
Figure 8D, the third-order Peano layout of metal wires con-
formally contacts with the skin.'>* Moreover, fractal-inspired
electrodes that offer large area coverage, high filling fraction,
and conformal contact to curved surfaces can be utilized in
cardiac electrotherapy to deliver electrical stimulation and
to cardiac electrical activity.’® As shown in Figure 8c, a
fractal electrode array distributed over a rabbit heart circum-
ference can provide direct interfaces to deliver spatially and
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Figure 8. Fractal-inspired interconnects designs. a) Representative fractal layouts and their FEA, MicroXCT images under elastic tensile strains. Scale
bars are 2 mm. b) Top panels: Calculated stretchability of five different second-order Peano layouts of metal wires mounted on an elastomer, given
the maximum principal strain criterion is 0.3%. Bottom panels: Optical and SEM images of the third-order Peano layout of metal wires on skin and
a skin-replica, respectively, showing the conformal contact with the skin. Reproduced with permission.['**l Copyright 2014, Nature Publishing Group.
c) Optical image of the fractal electrode array distributed over a rabbit heart circumference to deliver cardiac electrical stimulation, and sense cardiac
electrical activity. Inset: SEM image of the fractal electrode. Reproduced with permission.['? Copyright 2015, Wiley-VCH. d) EEG devices in fractal layout
and the corresponding mechanical properties. Reproduced with permission.l>3l Copyright 2015, National Academy of Sciences.

temporally programmed electrical stimulation, across a large  2.4. Kirigami Strategy

area of the epicardium. Moreover, fractal-inspired electrodes

can be applied to conform to more complex biological sur-  Kirigami strategies, inspired by the art of paper cutting and
faces, with an example shown in Figure 8d, in which the folding, recently emerged as an additional class of methods to
fractal electrode meshes are directly and chronically mounted  design stretchable inorganic electronics.'*/-1%!l As shown in
on the complex surface topology of the auricle and the mas-  the inset of Figure 9a, a widely used kirigami patterns consist
toid. These ultrathin fractal electrodes offer extreme levels of  of cuts with periodic parallel distributions. The result induces
bendability and stretchability to conform to different regions  lateral buckling of the planar structure in response to the in-
of the auricle, thereby providing for high-fidelity and long-  plane stretching, thereby leveraging these ribbon deformations
term capture of electroencephalograms (EEG). An important to accommodate large macroscopic strains. The FEA results
additional feature is that the fractal-inspired layouts can be  demonstrate that the applied load can be uniformly distributed
tailored with orientation dependent stretchability to match  throughout most regions of the kirigami sheet. As a result,
the requirements of auricle integration, e.g., by exploiting  despite the presence of multiple defect sites, the system offers
all-vertical Peano curves to achieve enhanced levels of stretch-  improved tolerance to damage, where the electrical conduct-

ability along their longitudinal axes. ance of the kirigami sheet remains almost strain-invariant.['%]
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Figure 9. Kirigami strategy. a) Stress—strain curve for a kirigami sheet (green), a pristine sheet (gray) and a sheet with one-cut in the middle (blue).
It exhibits markedly different deformation behaviors in three different regions, from initial elastic deformation to secondary elastic deformation with
buckling, to pattern collapse. Insets are the illustration of the cut pattern for a unit cell, and SEM images (i-iv) of kirigami sheets corresponding to the
different regions of the strain—stress curve. b) SEM images of two examples of kirigami patterns in graphene oxide/poly(vinyl alcohol) nanocomposites.
The insets are the corresponding kirigami unit cells. Reproduced with permission.l'®2 Copyright 2015, Nature Publishing Group. c) Schematic and
photograph of a kirigami solar cell for dynamic sunlight tracking. Reproduced with permission.l'%3 Copyright 2015, Nature Publishing Group. d) Stretch-
able graphene kirigami structure and its electrical properties. Scale bars, 10 um. Reproduced with permission.[”) Copyright 2015, Nature Publishing
Group. e) Schematic of an in-plane rotation kirigami designs. The planar materials are cut and separated, enabling in-plane rotations with stretching.
f) Schematic of a hierarchical fractal kirigami design. Subdivide units are obtained by repeating the cut pattern within the original one. Reproduced with
permission.*l Copyright 2014, National Academy of Sciences. g) Schematic illustration and experimental images of a kirigami design with simultaneous
stretchability and compressibility by introducing circular cut-outs to the solid square units. Reproduced with permission.['”®l Copyright 2017, Elsevier.
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Based on this simple kirigami geometry, Figure 9a shows the
stress—strain curves for a macroscale kirigami patterned sheet
with one cut in the middle, and a nonpatterned sheet. The data
exhibits markedly different deformation behaviors in three
different regions, from the initial elastic deformation, to sec-
ondary elastic deformation with buckling, to pattern collapse.
Figure 9b demonstrates two examples of kirigami patterns in
graphene oxide/poly(vinyl alcohol) nanocomposites, with insets
that show the corresponding kirigami unit cells.

The kirigami strategy was also utilized in structural designs
of stretchable functional devices. For example, Lamoureux
et al.'®l developed an integrated solar tracking system, where
a thin-film GaAs solar cell module is stretched to produce out-
of-plane tilt to track the direction of incident sunlight, thereby
maximizing the solar power generation. As shown in Figure 9c,
the geometry of this dynamic tracking response system is
precisely controlled by the out-of-plane buckling of kirigami
structure, which suggests a pathway toward new applications for
solar power. Compared to conventional solar tracking systems
that rely on a complex assembly of mechanical components, the
kirigami design strategy simplifies the actuation scheme and
significantly reduces the weight and cost of the system. Based
on the kirigami strategy, many other applications were also
demonstrated recently, such as flexible mechanical metama-
terials,1%3] wide-angle diffraction gratings,!'®¥ ultrastretchable
bioprobes, %! and stretchable lithium—ion batteries,['® pro-
viding either novel functions or enhanced physical properties.

It is interesting to note that the kirigami concept can be
applied to a wide range of dimension scales. Inspired by the
geometric similarity of paper and 2D materials, the ideas in
the paper model can be extended to 2D materials, such as gra-
phene. As shown in Figure 9d, graphene kirigami has been
demonstrated,'”) where the graphene sheet can be assem-
bled into 3D configurations in a manner similar to a paper
model, through the in-plane or out-of-plane loading. Since the
graphene crystal lattice itself does not experience significant
strain during the deformation, the electrical properties (e.g.,
the conductance curves) in the unstretched and stretched states
remain unchanged. The kirigami inspired shapes of graphene
show excellent mechanical robustness and extremely high
stretchability (=240%), suggesting possibilities for developing
highly stretchable electronics based on the graphene or other
2D materials.

Apart from the out-of-plane deformations under stretching,
the kirigami strategy also enables in-plane rotations of the com-
ponents in response to in-plane stretching.['%-1711 The essence
of this kirigami design is to divide the planar structure into
rotating units by strategic cutting patterns,*#172 as exempli-
fied in Figure 9e. The rotating units (e.g., triangles or squares)
between the slits are rigid, and the connections between these
units appear to be (almost) freely rotating the hinge, such that
the deformations of the structure (e.g., under biaxial and uniaxial
stretching) primarily occur by the rotations of the units, rather
than by the significant deformations of the units themselves.
The final form, dependent on the cutting pattern, is determined
mainly by the moment equilibrium. For any specific cut pat-
terns, the maximum stretch ratio (strain) can be achieved by
rotation, beyond which the units themselves deform. As shown
in Figure 9e, each unit rotates clockwise or counterclockwise,
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resulting in an expansion of the original structure under equal-
biaxial stretching. With a simple unit rotation, the expansion
continues to reach a maximum level, or until the moment bal-
ances and the structures are fully extended. If the material of
the units is rigid, the units cannot be further expanded. More-
over, based on the geometry of rotating units, fractal concepts
have also been introduced to improve the stretchability, as
exemplified in Figure 9f, where the units are hierarchically sub-
divided into smaller units by repeating the cut pattern within
the original ones. In this fractal kirigami design, the expansion
at lower level is largely exhausted before the expansion at the
higher level begins, and higher orders of fractal iterations result
in a larger deformability of the kirigami sheets. Meanwhile,
due to the same cutting pattern over the entire structure, the
allowable rotation angle of the smallest units becomes limited.
However, this limitation can be addressed by alternately cutting
the pattern between horizontal planes, allowing the smallest
units to achieve a larger angle of rotation, thereby improving
the maximum stretchability. This fractal kirigami design can
expand the design space of structural materials so that they can
be adapted for diverse applications.

Although these kirigami designs offer large stretchabili-
ties, most of them show very limited compressibility. Recently,
circular cut-outs were introduced into the solid square cut units
of the kirigami design,l'”? to allow large tension and com-
pression, simultaneously. As shown in Figure 9g, the circular
cut-outs enable the structure to accommodate up to 50% com-
pression via buckling-induced full compactness of the pores,
while the line cuts enable a large stretchability via the rotation
of the porous units.

3. Structural Designs of Substrates

Flexible substrates represent a very important component of
stretchable inorganic electronics. Many studies have focused
on the design of the substrates to provide specific application
platforms, e.g., to realize the strain-isolation of the rigid devices
from the substrate deformations,l'’+17% to improve biocom-
patibility and conformability to biological tissues,647:179-182]
or to develop innovative applications with fundamentally new
features and functionalities.?®?”] In this section, we highlight
a few representative structural designs of substrates, including
the surface structure designs, cellular substrate designs, and
curvilinear substrate designs.

3.1. Surface Structure Designs

In the widely used island-bridge designs as discussed above,
the introduction of stretchable interconnects reduces the effec-
tive areal coverage of the systems, which could decrease the
device performance and integration level, especially for opto-
electronic devices like solar cell and photodetectors. To solve
this problem, the surface microrelief designs for the substrate
were proposed to realize the strain-isolation of the electronics
from the deformations of the substrate, while achieving a high
areal coverage,'70183184 a5 shown in Figure 10a. The micro-
relief design involves the use of isolated islands (raised regions)
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Figure 10. Surface structure designs. a) Top panels: Optical microscopy images and FEA results of the PDMS in surface substrate microrelief design.
Bottom panels: SEM images of stretchable GaAs photovoltaic modules with interconnects. Reproduced with permission.'’l Copyright 2011, Wiley-
VCH. b) Top panel: Schematic illustration of TFTs and inverters fabricated directly on the raised regions of a mesa-shaped substrate. Bottom panel:
Strain distribution of the mesa-shaped elastomeric substrate under different deformations (i.e., bending =6 mm in radius, and twisting at 180°).
Reproduced with permission.l®3 Copyright 2018, Wiley-VCH. c) Schematic illustration of toothed substrate design with serpentine interconnects
integrated (top left). Geometric parameters of serpentine interconnects (top right). lllustration of position offset between serpentine interconnects
and toothed substrates (bottom left). The influence of position offset on stretchability of serpentine interconnects (bottom right). Reproduced with
permission.['8l Copyright 2018, Wiley-VCH. d) Top panels: Schematic of various electrode arrays (i.e., in-plane structure, wrinkled structure, and
suspended wavy structure). The FEA results indicate their relevant strain distributions and the peak strains. Bottom panels: Optical images of the micro-
supercapacitors in 100% stretched and released status and its cross-sectional image. Reproduced with permission.['® Copyright 2015, Wiley-VCH.

to place the functional device, and recessed trenches to accom-
modate the buckling deformations of interconnects. Additional
optimizations of the island shapes and layouts can further
improve the stretchability and the effective areal coverage, e.g.,
by replacing the square islands with notched islands.[®%

Moreover, the design of high-relief structures with mesa
shapes can minimize the strain on the electronics, as shown
in Figure 10b, where thin-film transistors (TFTs) and logic
circuits (inverters) can be integrated.'® Here, the use of
such high-relief structures is intended to localize the applied
strains on the substrate, around the mesas, rather than on their
surfaces. As a result, the device can withstand different modes
of deformation, e.g., bending up to 6 mm radius, 20% uniaxial
strain, and 180° global twisting, while showing stable electrical
performances.
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In addition to the role of strain isolation, substrates with such
surface structure designs can also enable relative freestanding
deformations of serpentine interconnects, for example, by
use of toothed substrate,!'8 as presented in Figure 10c. This
toothed design aims to eliminate the mechanical constraints
of the substrate on the serpentine interconnects. Specifically,
under uniaxial stretching, the portion of the serpentine inter-
connects that do not contact the substrate are not restricted in
their motions when deformed, such that the stretchability of
the integrated system improves and potential damage to the
interconnects by adhesion constraints to the substrate can be
avoided. Indeed, the position deviation of the serpentine inter-
connects to the toothed substrate may lead to a reduction of the
stretchability, but the reduction is modest according to FEA, as
shown in the bottom panel of Figure 10c.
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The tripod design is another type of surface structure that
decreases the strain in stretchable inorganic electronic sys-
tems.[*3187.188] Here, the thin film is suspended to the substrate,
which significantly decreases the stress caused by the physical
contact, as shown in the Figure 10d. As with the wavy designs
introduced in Section 2.1, this structure can be fabricated by
transferring a thin film on a prestrained substrate with tripod
structure, followed by release of the prestrain. The FEA results
show that suspended 2D wavy structures can further reduce
strain concentrations in electrode fingers, as compared to the
in-plane and wrinkled structures, as shown in the top panels
of Figure 10d, such that detaching and cracking of the elec-
trode materials can be prevented. This design can be applied
to many different thin-film devices, e.g., electrodes in bio-
integrated electronics!™® and graphene microribbons in
micro-supercapacitors.[1%%

3.2. Cellular Substrate Designs

Figure 11a presents a type of honeycomb cellular design in
an elastomer substrate integrated with a stretchable array of
ion sensors, with demonstrated applications in bio-integrated
electronics.['””l The open cellular construct consists of porous fea-
tures to transport fluids and planar structures to mount sensor
arrays (Figure 11a), thereby allowing fluids to diffuse through
the low modulus thin substrate, while maintaining a tight inte-
gration with the sensors. This substrate design can facilitate the
exchange of biofluids for monitoring the biomarkers, by mini-
mizing cumulative artifacts caused by the impermeability of con-
ventional substrates. Experimental measurements and theoretical
simulations elucidated the underlying mechanics associated with
these systems (Figure 11b), including cases when the sensor
arrays with serpentine interconnects were mounted on open
cellular and solid substrates. The results showed that the pores
in the open cellular substrate do not constrain the buckling of
the serpentine interconnects, and that the introduction of these
structures reduces the maximum strain in Au (serpentine inter-
connects) from 12% to 1% compared to the solid case, leading
to significantly enhanced stretchability. The overall elastic prop-
erties of such systems are often difficult to determine precisely,
because they strongly depend on the detailed alignment and
position of the serpentine interconnects relative to the pores in
the cellular substrate, at levels that can be difficult to control
experimentally.'!l Figure 11c shows a schematic illustration of
finite-deformation mechanics model for the open honeycomb
cellular substrate. Specifically, Chen et al.l'! established an ana-
Iytic constitutive model by considering the cellular substrate as
an equivalent medium. For serpentine interconnects bonded to
this equivalent medium, many variables affect the mechanical
responses, such as the relative direction and position, and
Figure 11d shows a representative geometric model. The anal-
yses showed that the lower bound of the elastic stretchability can
be estimated by analyzing the serpentine interconnect bonded to
the equivalent medium. Figure 11ef illustrates the influence of
the geometric parameters on the elastic stretchability, which is
important in considering various design options.

In bio-integrated applications, the mechanical properties of
the thin substrate can be tuned by tailoring the microstructure
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geometries to match those of tissues or skins, form improved
biocompatibility and conformability. Jang et al.’®l developed
a network design strategy of in soft, lithographically defined
composites (Figure 11g) that can quantitatively reproduce the
mechanics of biological materials, including the nonlinear
stress—strain responses of human skin and its subtle spatial
variations across different locations on the body. As shown
in Figure 11h, the network designs can be implemented to
precisely match the J-shaped stress—strain curves of human
skins at different region (e.g., back and abdomen area). In this
network design, both the geometries of the horseshoe micro-
structure in an epoxy polymer and the lattice topology can be
tailored to yield the desired nonlinear mechanical responses.

Figure 11i presents three examples, including a hierar-
chical triangular lattice, hierarchical kagome lattice, and
hierarchical honeycomb lattice, all with sixfold rotational
symmetry. Development of a theoretical model allows a clear
understanding of the microstructure—property relationship in
such types of network composite materials designs. Four key
parameters, the elastic modulus, transition strain, peak tangent
modulus, and peak strain, characterize the “J-shaped” stress—
strain curves of the lattice network. The models provide accurate
predictions of these parameters as well as the deformed config-
urations. For example, as shown in Figure 11j for a hierarchical
triangular lattice, the theoretical, FEA and experiment results of
“J-shaped” stress—strain curves with different geometric param-
eters are in good agreement.l'”! Therefore, the “J-shaped”
stress—strain behavior can be controlled by inverse design of
the geometric parameters, to precisely match those of human
skin or other biological tissues.!'*4

Furthermore, matching the Poisson’s ratio of the net-
work substrates to the skin can increase the comfort level of
the system, which has important applications in biomedical
devices.'”! Liu et al.’ developed a network design strategy
for soft structural materials, which can yield tailored isotropic
Poisson’s ratio from —1 to 1, with a tunable strain range from
0% to =90%. This design relies on a network construction in a
periodic lattice topology, which incorporates zigzag microstruc-
tures as building blocks to connect the lattice nodes. Figure 11k
shows a schematic illustration of the design concepts and the
geometries of the network materials. The theoretical design
methods define tailored network geometries to yield target
Poisson ratios with desired strain ranges. Figure 111 demon-
strates an example of an optimized design of artificial skin,
whose negative Poisson's ratio and nonlinear stress—strain curve
reproduce well with those of the skin of a cat, as an example.
The results suggest many potential applications of this design
strategy in tissue engineering and bio-integrated devices.

3.3. Curvilinear Substrate Designs

Curvilinear electronic systems, typically integrated with a
curvilinear substrate, are of growing interest, where the shapes
create unusual opportunities for device applications with
fundamentally new features and enhanced functionality.['97-200]
A main challenge is that conventional microfabrication tech-
niques apply well to flat surfaces but they are intrinsically
incompatible with complex curvilinear surfaces. Stretchable
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Figure 11. Cellular substrate designs. a) Schematic illustration and photograph of ion selective sensors on a honeycomb cellular substrate. b) FEA
results and optical images of the ion sensor integrated onto cellular (top left, bottom left) and solid (top right, bottom right) substrates, under 30%
uniaxial stretching. Reproduced with permission.'?l Copyright 2017, Wiley-VCH. c) Geometrical parameters of the honeycomb cellular substrate, and
the mechanics model of a unit cell. d) Geometric model of a serpentine interconnects bonded to the cellular substrate. e,f) The relationship between
the elastic stretchability of serpentine interconnects and the geometrical parameters (i.e., length-to-radius ratio L/R, width w, as noted in d)). The
interconnects are bonded onto the cellular substrates. Reproduced with permission.[%2l Copyright 2018, Elsevier. g) Optical images of a network design
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inorganic electronic devices with structural designs allow
integration of advanced high-performance 2D planar electronic
circuits onto arbitrarily curvilinear surfaces, with a representa-
tive example shown in Figure 12a, highlighting hemispherical
compressible silicon optoelectronics.[2¢!

The hemispherical substrate is one of the most widely
studied curvilinear substrates, because of significant
applications in imaging systems, since the hemispherical shape
enables a larger depth of field, wider viewing angle and lower
aberrations with simple lensing systems compared to the tradi-
tional planar case.?1203] As an example, Figure 12b shows an
electronic camera inspired by the human eye.l?%l Furthermore,
the arthropod eye with in hemispherical, compound apposition
layouts has additional unique advantages in wide-angle field
of view, high acuity to motion and an infinite depth of field,
compared to the human eye with a single or dual lens imaging
principles. Inspired by this biological structure, Song et al.l?’]
developed arthropod-inspired digital cameras that combine
elastic microlens components with a stretchable thin silicon
photodetector array, as shown in Figure 12c. Imaging systems
of the future might incorporate such designs for advanced
applications in industrial inspection, surveillance and others.

Another advantage of hemispherical imaging systems is
their ability to match strongly nonplanar image surfaces, where
Petzval curvature can lead to strongly nonplanar shapes. The
fixed curvatures of the early systems of this type do not allow,
however, dynamic changes in the Petzval surface that occur
with adjustable zoom magnification, for example. To over-
come this limitation, a dynamically tunable hemispherical
camera system was developed,’?°! where the deformable digital
imaging device was built by utilizing photodetector arrays on
thin elastic membranes that can deform reversibly into hemi-
spherical shapes with dynamically tunable radii of curvature. As
shown in Figure 12d, this camera system combines a deform-
able digital imaging device with a similarly tunable, fluidic
plan convex lens, thereby yielding a hemispherical camera with
variable zoom and excellent imaging characteristics. Systematic
experimental and theoretical studies of the mechanics and
optics reveal all underlying principles of the operation.!2%°!

Deformable curved substrates can also be form fitted to the
complex surfaces encountered in biology to enable a conformal
integration with stretchable electronic systems.2°027] Kim et al.
developed instrumented deformable balloon catheters that inte-
grate diverse stretchable functional sensors and actuators to
provide multimodal functionality suitable for clinical uses as
advanced surgical tools (Figure 12e).1'81 Figure 12f provides a
demonstration of this device system that involves an imped-
ance-based contact sensor integrated on a collapsible balloon
catheter to assess the degree of contact with a target tissue.[2%!

www.advmat.de

The contact and noncontact conditions shown in the X-ray
image are consistent with the inflation and deflation cycling of
the balloon and the signal changes of impedance-based sensors.

4. Structural Designs for Spatial Integration
of Device Systems

Stretchable electronics in 3D forms have received increasing
attention in recent years, because of the enhanced level of
integration and the new functionalities enabled by the spatial
layouts. This section highlights a few representative structural
designs in this context, covering the strategies of folding-based
origami, buckling-guided 3D assembly, and stacked multilayer
assembly.

4.1. Strategy of Folding-Based Origami

Origami, an ancient art of paper folding, is utilized to create
3D structures by folding flat sheets along strategic creases
following predefined sequences,?-212l which has been recently
explored for applications in many engineering fields, e.g.,
compactly deployable solar arrays for space applications,2%’]
self-folding crawling robots for machine manufacturing,?!’l
and cardiac stents for biomedical applications.*'* Since struc-
tural transformations based on origami concepts are mostly
determined by the kinematics associated with the geometrical
parameters, which is basically scale-independent, this concept
can be applied to a wide range of length scales, from nanoscale
to meter scale, and even larger.[209.215-218]

In practical applications of stretchable inorganic electronics,
recent progress demonstrated that 3D transformations based
on origami strategies can provide a stretchable platform for the
integration of active devices and functional components.219-224
Miura-ori is one of the most extensively studied origami
strategies,??l and the kinematics of Miura-ori from unfold to
semi-fold to fold (Figure 13a) show that the facets between the
creases is strain-free, which can be applied as the integration plat-
form to mount active devices. Figure 13b illustrates a unit cell of
Miura-ori and the associated key geometric parameters. When
modeled as rigid origami, the Miura-ori sheet with a single in-
plane kinematics mode can be characterized by the Poissors ratio

£ SdL ; 5 ;
Vg =——=———=—tan" £ =—cos” ftan 12
= T ds 3 Y (12)

where € and &g are the instantaneous true strains. Based on
Equation (12), Figure 13b plots the relation of the Poisson’s ratio

strategy of soft composites, which can quantitatively reproduce the mechanics of biological materials. h) FEA and experimental results of stress—strain
responses of human skin (circles) and the network design based soft composites (dot lines) of different individuals (person I-Il1). Inset: Optical image
of the as-fabricated network design based soft composites. Reproduced with permission.13¢l Copyright 2015, Nature Publishing Group. i) Three repre-
sentative examples of the network designs, i.e., hierarchical triangular lattice (left), hierarchical kagome lattice (middle) and hierarchical honeycomb
lattice (right). Insets are the corresponding unit cells. j) Theoretical, FEA and experimental results of the stress—strain curves for the network based
designs based on a hierarchical triangular lattice. Top panel: stress—strain curves for several normalized widths (W) at fixed arc angle of 6, = 180°.
Bottom panel: stress—strain curves for several arc angles () at fixed normalized width of w = 0.15. Reproduced with permission.['>®l Copyright 2016,
Elsevier. k) Schematic illustration of a network based design with tailored isotropic negative Poisson’s ratios. I) Negative Poisson’s ratio and nonlinear
stress—strain curves of artificial skins (FEA and experiments) and cat’s skin (experiments). Reproduced with permission.'*l Copyright 2018, Royal
Society of Chemistry.
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Figure 12. Curvilinear substrate designs. a) Schematic of compressible silicon optoelectronics conformally wrapped onto a hemispherical substrate.
b) Photographs of a hemispherical electronic camera inspired by human eye. Reproduced with permission.?®l Copyright 2008, Nature Publishing
Group. ¢) Schematic illustrations of arthropod-inspired digital cameras, fabricated by combining an elastic microlens component with the stretchable
thin silicon photodetector array. Reproduced with permission.l?’] Copyright 2013, Nature Publishing Group. d) A dynamically tunable hemispherical
camera system. Left panels: Photographs of a camera system with tunable lens and a photodetector array. Angled views of the tunable photodetector
surface in flat and deformed states. Right panels: Schematic illustrations of the deformation of the tunable lens. The tenability of this photodetector
deformation is achieved via water extraction. Reproduced with permission.2%] Copyright 2013, ASME. e) Optical images of a multifunctional inflat-
able balloon catheter integrated with tactile and electrogram sensors. Reproduced with permission.l®% Copyright 2011, Nature Publishing Group.
f) Top panel: Optical images of a collapsible balloon catheter integrated with impedance-based contact sensor webs both in inflated and deflated
states. Bottom left panel: X-ray images of balloon catheter in conditions of contact and noncontact with the nearby superior vena cava, in a live
porcine model. Bottom right panel: The in vivo tests of impedance contact sensors. Reproduced with permission.2%%] Copyright 2012, National
Academy of Sciences.
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Figure 13. Folding-based origami strategy for spatial integration. a) The kinematics of Miura-ori from unfolded to semifolded to folded state. b) Miura-
ori and the geometrical parameters of its unit cell. ) The relation of the Poisson’s ratio and the fold angle 6 for the different parallelogram. Reproduced
with permission.?25 Copyright 2013, National Academy of Sciences. d) Photographs of an origami battery in the completely unfolded and completely
compressed state, respectively. Reproduced with permission.[2l Copyright 2014, Nature Publishing Group. e) Schematic of the origami structure
with the integration of ZnO photodetector array in a completely unfolded state. Reproduced with permission.??’l Copyright 2017, American Chemical
Society. f) Schematic illustration of the fabrication process for the hemispherical electronic eye by the strategy of folding-based origami. Reproduced

with permission.?28] Copyright 2017, Nature Publishing Group.

and the fold angle 0 for different parallelogram (i.e., different
angle 7). The Poisson’s ratio is always negative, suggesting an
excellent foldability and deployability.

Miura-ori patterns with high levels of deformability
have important applications in energy harvesting and
storage,[*2220220] photodetection,??’] etc. In particular, origami
lithium—ion batteries have been demonstrated,[*>?2% as shown
in Figure 13c, in which the working battery is in the completely
unfolded and completely compressed states. This origami bat-
tery exhibits stable and reliable performances under large
cycles of mechanical deformations. Based on the integration
techniques of Miura-ori origami, stretchable and deformable
origami paper photodetector arrays (OPPDA) were developed
by utilizing printable ZnO nanowires and carbon elec-
trodes.??’] Figure 13e illustrates that the ZnO photodetector
unit cells are mounted at the center of each parallelogram.
Since the tessellated parallelograms can be oriented in four
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different directions, the OPPDA offers excellent capabilities
of omnidirectional photodetection. The origami strategy also
allows the integrated OPPDA to withstand repeated stretching,
bending, and twisting, without any obvious performance
degradation.

In addition, an origami-inspired approach was developed to
fabricate dense, scalable, and compact hemispherical electronic
eye systems, 2?8l which is compatible with existing complemen-
tary metal-oxide—semiconductor (CMOS) sensor technologies
that allow arrangements in an extremely high density. As
shown in Figure 13f, with each polygon block serving as a
sensor pixel, silicon-based photodetector arrays shaped into a
truncated icosahedral pattern were fabricated on flexible sheets,
and further folded into a concave or convex hemisphere. This
example demonstrates the important application potential of
the origami strategy as a spatial integration platform to develop
next generation stretchable/flexible electronics.
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4.2. Strategy of Buckling-Guided 3D Assembly

As compared to folding-based origami strategies, recently
developed assembly methods guided by controlled buckling
can access to more sophisticated 3D geometries, owing to the
versatility of complex deformation modes, precursor designs,
and loading strategies. These methods are applicable to a broad
set of material types (e.g., metal, semiconductor, soft polymers)
and feature scales (e.g., from nanometers to centimeters) in
high-speed, because of the full compatibility with the conven-
tional microfabrication technologies.[39:140:229.230]

As described in Section 2.2.4, regarding the fabrication pro-
cess of helical interconnects, the buckling-guided 3D assembly
relies on a prestrained elastomer substrate to serve as the plat-
form, to allow a controlled 2D-to-3D transformation, after the
release of the prestrain in the substrate.'®! Figure 14a—d pre-
sents an example that exploits this strategy to build 3D stretch-
able multifunctional photodetectors.??3!l The 3D structure after
the release of the prestrain (46%) is shown in Figure 14a. The
interconnects of the device exploit a sandwich construction, with
the graphene encased by two SU-8 layers, as illustrated in the
colored SEM images of Figure 14b. The SU-8 layers are buckled
into a hemispherical structure, allowing a 3D arrangement of
the MoS, patches that serve as photodetecting elements. One
of the advantages arises from this form of 3D integration is the
capability to allow the tracking of both the direction and inten-
sity of the incident light, as shown in Figure 14c. Additionally,
the atomically thin MoS, and graphene enable an optically
transparent device system, such that the light is able to pass
through the device for detection at two sensing regions, from
which the incident angles can be determined. Note that this
cannot be easily achieved by photodetector arrays in planar
layouts. Photodetectors in other 3D geometries such as an
octagonal prism and an octagonal prismoid can be also formed
using this assembly strategy, as illustrated in Figure 14d. These
devices can be reversibly stretched and buckled from 2D to 3D
configurations, continuously, even under a large number of
cyclic loadings, showing the robustness.[?3!]

In addition to the 3D assembly based on the compressive
buckling, a tensile buckling strategy can be also exploited to
form 3D stretchable electronic systems, as a route to bypass the
need of prestretching.?3? As illustrated in Figure 14e, when the
substrate is stretched uniaxially, the nonbonded regions of 2D
precursor are delaminated from the substrate, resulting in a 3D
transformation through coordinated bending/twisting deforma-
tions and translational/rotational motions. The ability to tune
the 3D geometries of the devices assembled in this manner has
practical applications, with an example presented in Figure 14e,
showing a visible strain sensor array. This strain sensor offers a
large detectable range, from =9.8% to =50%. The spiral-shaped
conducting ribbons represent the key enabling elements of this
device, as the 3D transformation induced by the tensile buckling
triggers the illumination of connected LEDs at targeted strains.

3D electrically small antennas (ESA), i.e., antennas much
smaller as compared to the operating wavelength, provide an
excellent electrical performance for applications in miniatur-
ized communication systems.?33-23%1 3D ESAs provide another
representative example, where the spatial integration of the
device system is essential.3¢237] Tt should be noted that the
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planar ESAs are usually limited in performance attributes such
as the efficiencies and the bandwidths, due to the small volume
occupation of the Chu-sphere. The spatially integrated ESAs,
such as hemispherical ESA, can ideally occupy the Chu-sphere,
thereby offering substantially improved performance.3®!
Figure 14f shows a buckled meanderline-based hemispher-
ical electrically small antenna (MHESA), whose quality factor
is very close to its theoretical lower bound, according to both
the results of experiments and simulations (Figure 14g). The
deformability of the ESAs also enables reversible tunability of
the quality factor and radiation efficiency (Figure 14gh), con-
trolled by applying different levels of biaxial strains.[?3¢]

In the buckling-guided assembly strategy, recent advances
show that different releasing sequences and specially engi-
neered precursor designs can trigger the stabilization of
multiple, distinct 3D configurations. Such reversible transfor-
mations in geometrical layouts provide a route to reconfigur-
able 3D electronics.*! Figure 14i illustrates an array of silicon
n-channel  metal-oxide-semiconductor-field-effect-transistors
(n-MOSFET) integrated with a bistable 3D platform.[?*% The
simultaneous release of the biaxial prestrain results in a 3D
tower-shaped structure with four supporting struts, which can
be reshaped into a recessed well with similar struts by using
sequential prestrain release. Since the maximum principal
strain remains below the yielding strain, the shape-shifting
process is reversible, capable of repetitive reconfiguration. The
results of transistor characteristics indicate that the -V curves
remain nearly unchanged after switching between these shapes
(Figure 14j). The versatile capabilities of the buckling-guided
assembly strategy also enable promising applications in many
other areas.[240-242]

4.3. Stacked Multilayer Designs

Minimizing the size of device system and maximizing the
integration density of the circuits represents a challenge for
stretchable inorganic electronics. Integration of the functional
components into stacked multilayer designs could well address
the limitation of functional density that can be reached using
the conventional single-layer design.[15>243.244]

Figure 15a—c demonstrates an electronic skin with ultrathin,
single crystalline silicon nanoribbon sensors, encompassing
strain sensors, pressure sensors, humidity sensors, and
electroresistive heaters.'> A schematic illustration of the
stacked multilayer design in Figure 15a shows the arrangement
of electronics and sensors, with magnified views in Figure 15c.
Each sensor/actuator layer has individual interconnects con-
nected with the data acquisition instruments. The via-hole
structures are exploited for the electrical integration of each
stacked layer, which can further simplify the connecting wires.
Due to the stacked designs, the sensor arrays may mechani-
cally interfere with each other. To avoid this issue, the staggered
arrangement of sensors in different layers provides a possible
solution to reduce such mechanical interactions.[*>]

Lee et al.®®! introduced a folding-based stacked design
to achieve a skin-mountable power management with high
functional density, as illustrated in Figure 15d. The folding
strategy yields a bilayer design with reduced lateral dimensions.
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Figure 14. Buckling-guided 3D assembly strategy for spatial integration. a) FEA result of the 3D stretchable multifunctional photodetectors after
compressive buckling assembly, indicating the distribution of maximum principal strains. b) Colored SEM images of photodetectors composed of

MoS, patches (green), graphene interconnects (light gray), and SU-8 scaffold (gray).

c) Photocurrent distribution on hemisphere surface, when a laser

beam penetrating at two points of the 3D surface. d) Cases of an octagonal prism (top) and an octagonal prismoid (bottom), are assembled from
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The FEA results on the folding process of wrapping, aligning,
and pressing stages in Figure 15e indicate that even the strains
in the most severely deformed regions are much smaller than
the yielding strain of copper (0.3%), as noted in Figure 1524
The soft core material accommodates severe deformations,
such that electronic interconnects mainly undergo bending
deformations, resulting in ultralow strains. One of the chal-
lenging issues of this folding strategy is related to the relatively
bulky and stiff devices that might allow conformal integration
with soft, curvilinear surfaces, due to the increased system
thickness. Xu et al. conducted a detailed study of the stretchable
electronics in stacking layout, and defined a set of guidelines
for optimizing the deformable properties.[?**l

Huang et al. reported a framework for stacking prede-
signed functional devices and interconnects layer-by-layer into
a highly integrated, stretchable system.*%l Figure 15g shows a
stretchable four-layer layout, where each layer is designed into
“island-bridge” patterns. A challenging issue in the stacked
design is how to form reliable interlayer electrical connections.
Vertical interconnect accesses (VIAs) were introduced and
manufactured through laser ablation and controlled soldering
to enable communication of different layers, as shown in
Figure 15h. The resulting multilayer system offers a good
mechanical robustness and stretchability, according to the
experimental measurements. The stress concentration around
the chips results in a nonuniform strain in adjacent layers, as
indicated in Figure 15j.124¢]

5. Conclusion and Outlook

This review summarizes some of the most important advances
in mechanically guided structural designs for stretchable inor-
ganic electronics, covering those of the device systems and
the soft substrates, as well as the integration schemes. Con-
sistent with other relevant reviews,*31:247-251] this article also
highlights the importance of unusual layouts and integration
strategies for advanced electronic materials and devices to yield
outstanding performance both in mechanical properties and
electrical characteristics.

In the structural design of stretchable devices and systems,
many critical factors must be considered for practical applications,
including mechanical properties (e.g., stretchability and elastic
modulus), areal coverage, encapsulation method, fabrication
process (e.g., cost and compatibility), and etc. Wavy designs are
mainly applicable for systems with less than 20% stretchability.
Island-bridge layouts, due to the utility of different intercon-
nect configurations (e.g., arc-shape, serpentine, 2D spiral, fractal
and 3D helices), offer expanded options in design parameters
to enhance the stretchability (> 100%, and even =1000%) at the

www.advmat.de

system level, thereby increasing the range of applications. Fractal-
inspired design and kirigami strategies are both capable of
achieving large stretchability and high areal coverage, with unique
applications in sensing, optoelectronic, and energy harvesting/
storage, where high levels of integration and/or energy densities
are required. In most cases, the solid encapsulation materials that
protect against chemical and physical damage restrict deforma-
tions of the flexible features of the systems, thereby reducing
their stretchability, especially for layouts based on “in-plane”
structures (e.g., serpentine interconnect, 2D spiral interconnect,
fractal-inspired design, kirigami sheet). With “out-of-plane” struc-
tures (e.g., arc-shaped interconnect, 3D helical interconnect), the
influence of the encapsulation on stretchability is reduced, due to
the nature of the deformations that occur within the soft encap-
sulation material.

To provide specific platforms for targeted applications,
structural substrates can be useful. For example, substrates
with surface structures can provide strain-isolation of rigid
devices from overall deformations of the system. Cellular sub-
strates can improve the biocompatibility and conformability to
biological tissues. Curvilinear substrates can enable innovative
applications with fundamentally new features and functionali-
ties. Opportunities exist in the design of structural substrates
to provide advanced platforms that expand the scope of applica-
tions for stretchable inorganic electronics.

The three integration strategies discussed in this review
offer distinct advantages relevant to different situations. The
stacked multilayer design represents a scheme to assemble
circuits layer by layer, corresponding to a 2.5D design
framework. In comparison to stacked multilayer designs,
folding-based origami and buckling-guided 3D assembly can
achieve more complex 3D configurations, but typically with
large amounts of hollow spaces. As a result, stacked multilayer
designs can provide a higher integration density of functional
components than these other two strategies. Specific 3D
geometries (e.g., hemispheres) can offer important capabilities
in some applications of electronics and optoelectronics, such
as 3D electrically small antennas and photodetecting devices.
In these and other cases, the folding-based origami and buck-
ling-guided 3D assembly schemes can address requirements
more effectively than stacked designs. As compared to the
folding-based origami method, which is irreversible in most
cases and is applicable mainly to 3D geometries with rela-
tively sharp edges, the buckling-guided 3D assembly scheme
offers access to a broad range of 3D geometries, through more
sophisticated spatial deformations and translations/rotations,
mostly in a reversible manner.

Despite this significant progress, challenges remain,
especially in structural designs to enable enhanced levels of com-
fort and minimally invasive bio-integration and to offer a high

2D to 3D systems. Mechanical analysis is described in FEA results and the corresponding final configurations are presented in colored SEM images.
Reproduced with permission.?*!l Copyright 2018, Nature Publishing Group. e) 3D mesostructures assembled by tensile buckling, with LED readout
circuit served as sensors for strain visualization. Scale bars are 4 mm. Reproduced with permission.[32l Copyright 2018, Springer Nature Publishing AG.
f) Mechanical tunability of the MHESA under equal-biaxial tensile strains of 0% and 30%. g) The Q/Q;, and center frequencies, h) voltage standing
wave ratio (VSWR) characteristics of the MHESA under different stretching strains. Reproduced with permission.[?3¢l Copyright 2019, Wiley-VCH.
i) 3D electronics with an array of silicon n-MOSFET integrated onto a reconfigurable bistable platform. j) Current—voltage (I-V) characteristics of the
transistor in Shape |, Shape Il and planar state. Reproduced with permission.?3%l Copyright 2018, Nature Publishing Group.
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Figure 15. Stacked multilayer for spatial integration. a) An exploded view of the stacked multilayer electronic skin, which composed of six stacked layers.
b) Picture of the electronic skin covering the surface of a prosthetic hand. c) Microscopic photograph of multifunctional sensors. Reproduced with
permission.['%] Copyright 2014, Nature Publishing Group. d) Images of solar cells and batteries integrated power control system stacked by folding.
Inset: Cross-section view of a single layer. e) FEA results of the folding process. f) Photograph of the folded device and the enlarged view of FEA results
for maximum strains near the folded region. Reproduced with permission.?*’l Copyright 2016, National Academy of Sciences. g) Design and exploded
schematics of a four-layer-by-layer stacking integration system. h) Top: VIAs are used for interlayer connections. Bottom: Cross-section EDS (electron
dispersive spectroscopy) image of the VIA. i) Photograph of the as-fabricated multilayer system. j) XCT (X-ray computed tomography) results of the
multilayer circuits. Inset at top shows the cross-section of a VIA between adjacent layers. Inset at bottom illustrates the nonuniform deformation of Cu
interconnects raised from the mechanical coupling of interlayers. Reproduced with permission.?4¢l Copyright 2018, Nature Publishing Group.
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Figure 16. Challenge and outlook for stretchable inorganic electronics. a) A fluorescent specimen of an adult rat right ventricular myocardium indi-
cating the preferential orientation of the cardiac muscle fibers. The circumferential (circ) and longitudinal (long) axes are noted. b) Uniaxial tensile
stress—strain curves for circumferential and longitudinal directions of specimens noted in (b). Reproduced with permission.?*2 Copyright 2008, Nature
Publishing Group. c) Schematic illustration of a type of architected 3D cellular substrate, which could offer anisotropic stress—strain responses to
reproduce those of human tissues. d,e) Schematic illustration of architected encapsulants consisting of soft foams. The serpentine interconnect is
bonded to the substrate at two ends, and uniaxially stretched to a predefined state before the encapsulation. Due to the ultralow stiffness of the soft
foams, their mechanical constraints on the 3D deformations of serpentine interconnects can be minimized during stretching.

degree of mechanical deformability after solid encapsulation.
On one hand, stretchable electronic devices, when integrated
with the human heart or other tissues, could potentially
cause adverse effects, due to mechanical loads induced by the
unmatched mechanical properties with the biological materials.
For example, the ventricular myocardium exhibits anisotropic
mechanical responses, with tensile mechanical properties dic-
tated by cardiac muscle fiber orientation (Figure 16a,b).2*? To
resolve this issue, further studies mainly focus on developing
structural substrate materials whose nonlinear, anisotropic
stress—strain responses can precisely reproduce those of human
tissues/organs in targeted applications, perhaps in a spatially
variant manner.*’! Cellular 3D microstructures are attractive
choices in this regard, due to the excellent permeability and suf-
ficient open spaces to integrate functional device components
(Figure 16c). On the other hand, the encapsulation is indispen-
sable in most practical applications, either to physically protect
the surrounding tissues/organs, or to avoid the degradation
of functional components due to the chemical reactions that
can follow upon contact with biofluids. Existing solid encap-
sulation strategies, however, mostly cause a reduction in the
deformability (especially the stretchability), as compared to the
unencapsulated inorganic electronics. Development of structural
encapsulants (with an example shown in Figure 16d,e) and/or
novel integration schemes that can suppress mechanical interac-
tions between the encapsulation layer and the inorganic devices/
interconnects could provide a possible solution.
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