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The last decade has witnessed fast developments and substantial achievements that have been shaping
the field of stretchable electronics. Due to a persistent need of equally stretchable power sources, espe-
cially for some emerging bio-integrated applications enabled by this unusual class of electronics, stretch-
able energy storage systems have been attracting increasing attentions in the past few years. This article
reviews the mechanics of stretchable batteries and supercapacitors that are enabled by novel structural
designs of hard and soft components, involving four representative strategies (i.e., wavy, wrinkled design,
origami design, serpentine bridge-island design, and fractal inspired bridge-island design). The key
mechanics of each strategy is summarized, with focuses on the design concepts, unique mechanical
behaviors, and analytical/computational models that guide the design optimization. Finally, some per-
spectives are provided on the remaining challenges and opportunities for future research.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The field of stretchable electronics has been evolving very rap-
idly during the last decade, from the perspective of developing fun-
damental enabling technologies, exploring applicable device
systems, and opening up new application opportunities. This class
of electronics could offer the functionalities of established technol-
ogies [1,2], while with superior mechanical attributes that are inac-
cessible to traditional electronics, e.g., stretched like a rubber band,
twisted like a rope, and bent around a pencil tip, without mechan-
ical fatigue or any significant change in operating characteristics.
Those superior mechanical characteristics pave the way to a range
of innovative and realistic applications that could not be addressed
with any other approach, such as ‘‘epidermal’’ health/wellness
monitors [3–5], eyeball-like digital cameras [6,7], soft surgical
instruments [8–10], and sensitive robotic skins [11–13].

To enable conformal integration of stretchable electronic
devices with human tissues, there is a persistent need for develop-
ing equally stretchable energy storage systems to complete the
entire package. However, the stretchable energy storage systems
did not receive much attention until 2009 [14], partially due to
the relative complex constructions, or the requirement of suffi-
ciently large energy density. Many important progresses have been
achieved in recent years with the development of new design con-
cepts and enabling technologies. In general, there are two routes to
stretchable energy storage systems: (1) developing novel materials
that are intrinsically stretchable to serve as key components (e.g.,
electrodes and electrolytes) of the batteries/supercapacitors [15–
20]; (2) devising novel structural designs for heterogeneous inte-
gration of hard and soft components to result in device systems
that are stretchable [14,21–31]. This paper will focus on the latter
route, aiming to provide a review on the recent advances in the
mechanics of stretchable batteries and supercapacitors.

Fig. 1 summarizes four representative strategies of structural
designs that have been exploited to achieve stretchable batteries/
supercapacitors: (i) wavy, wrinkled design [14,21–25] through use
of prestrain in soft elastomeric substrate; (ii) origami design
[26,27] by exploiting predefined crease patterns; (iii) serpentine
bridge-island design [28,29], and (iv) fractal inspired (or self-similar)
bridge-island design [30], with the aid of photolithography technol-
ogy. The subsequent Sections ‘Wavy, wrinkled design’, ‘Origami
design’, ‘Serpentine bridge-island design’, and ‘Fractal inspired
bridge-island design’ will give an overview of the key mechanics
in each of those strategies, including the design concepts, superior
mechanical performances, and analytical/computational models
that guide the design optimization. Section 6 presents a brief
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discussion on the remaining challenges and opportunities for future
research.

2. Wavy, wrinkled design

The wavy, wrinkled designs were exploited in several studies of
stretchable supercapacitors and batteries to form stretchable elec-
trodes made of single-walled carbon nanotube macrofilms [14,22],
polypyrrole (PPy) [21], or graphenes [24,25]. The key of this strat-
egy is to introduce an initial strain difference in the soft substrate
(e.g., PDMS or ecoflex) and hard thin films (e.g., metal or semicon-
ductor), either by thermally induced mismatch [32] or mechanical
prestrain [33,34]. Fig. 2a presents schematically the fabrication
procedure of wavy silicon ribbons that are fully bonded on an elas-
tomeric substrate [34]. This strategy involves thin single-crystal Si
ribbons or complete integrated devices (e.g., transistors, diodes)
that are formed on a mother wafer by traditional lithographic
processing, and a prestrained elastomeric substrate (PDMS). Etch-
ing of the top Si and SiO2 layers of a SOI wafer could eliminate
(
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sents scanning electron micrographs (SEM) of wavy, single-crystal
Si ribbons generated with the use of �15% prestrain in the PDMS.
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Fig. 2. (a) Schematic illustration of the process for fabricating wavy, wrinkled single crystal Si ribbons on an elastomeric substrate. (b) SEM images of wavy, wrinkled, single-
crystal Si ribbons fabricated with a substrate prestrain of �15%. (c) Dependences of wavelength and amplitude on the prestrain for wrinkled structures of Si (100 nm
thickness) on PDMS. (d) SEM images of a 2D wavy Si nanomembrane fully bonded on PDMS. (e) Parallel ridges (left panel) and crumpled patterns (right panel) of graphene
papers as the biaxially prestretched (�400%) elastomeric substrate is uniaxially and biaxially relaxed, respectively. (a) is adapted with permission from Ref. [34], Copyright
2006, American Association for the Advancement of Science. (b) and (c) are adapted with permission from Ref. [35], Copyright 2007, National Academy of Sciences. (d) is
adapted with permission from Ref. [43], Copyright 2007, American Chemical Society. (e) is adapted with permission from Ref. [25], Copyright 2014, Nature Publishing Group.
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semi-infinite solid. In this approach, a sinusoidal out-of-plane dis-
placement is assumed for the bucked thin ribbon, with the wave-
length ðk0Þ and amplitude (A0) that are determined through the
minimization of total strain energy (in both the ribbons and sub-
strate), as given by

k0 ¼
phfffiffiffiffiffi
ec
p ¼ 2phf

�Ef

3�Es

� �1=3

; A0 ¼ hf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
epre

ec
� 1

r
; ð1Þ

where the subscripts ‘f’ and ‘s’ denote the ribbon and substrate,
respectively; hf is the ribbon thickness; �E ¼ E=ð1� m2Þ is the
plane-strain modulus, with m denoting the Poisson ratio; epre is
the prestrain of substrate; and ec ¼ ð3�Es=�Ef Þ

2=3
=4 is the critical or

minimum strain that is necessary for buckling to occur, which is
calculated as 0.034% for the Si ribbon (Ef = 130 GPa, tf = 0.27) on a
PDMS substrate (Ef = 1.8 MPa, tf = 0.48). Since the membrane strain
is usually much smaller than the bending strain, the peak strain in
the buckled ribbon can be approximated as epeak � 2

ffiffiffiffiffiffiffiffiffiffiffiffiepreec
p

, from
which the maximum prestrain can be determined to avoid fracture
in the ribbons. Eq. (1) indicates a constant wavelength independent
on the prestrain (corresponding to previous model in Fig. 2c), and
agrees reasonably well with experimental measurements only
when the prestrain is rather small (e.g., <5%).

In the regime of large prestrain (e.g., 5% < epre < 30%), the exper-
imental observations show a reduced wavelength with increasing
prestrain, which can be mainly attributed to the finite deformation
in the compliant substrate [35]. Jiang et al. [35] and Song et al. [40]
developed analytic models to account for such effect, which, in par-
ticular, involves the difference of initial strain-free configurations
for the substrate and films, the nonlinear strain–displacement rela-
tion in the substrate (and film), and the nonlinear stress–strain
relation in the substrate. Based on minimization of total strain
energy in this theoretical framework, the buckling wavelength
and amplitude can be derived as

k ¼ k0

ð1þ epreÞð1þ nÞ1=3 ; A ¼ A0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ epre

p
ð1þ nÞ1=3 ; ð2Þ



Fig. 3. (a) Schematic illustration of two representative origami patterns using
Miura folding. (b) FEA results of a 45� Miura pattern under twisting (with �90�
twisting angle per unit cell) (top panel), and bending (with a bending radius of two
unit cells) (bottom panel). Adapted with permission from Ref. [27], Copyright 2014,
Nature Publishing Group.
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where k0 and A0 correspond to the wavelength and amplitude in the
small-strain condition (in Eq. (1)), and n ¼ 5epreð1þ epreÞ=32. Fig. 2c
shows that the new solutions (Eq. (2)) could well capture the phe-
nomenon of strain-dependent wavelength with a good accuracy,
and reduce the difference between amplitude predictions and
experimental results as compared to small-deformation solutions.
The peak strain in this regime can be approximated by
epeak � 2

ffiffiffiffiffiffiffiffiffiffiffiffiepreec
p ð1þ nÞ1=3

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ epre

p
, which give a maximum pre-

strain of �29% for Si with a fracture strain of �1.8%, and therefore
indicates the stretchability of the wavy Si ribbons to be as large
as �29%. By extending this energy approach, Jiang et al. [41] and
Cheng et al. [42] developed analytic models to study the effects of
finite ribbon width and bi-layer substrate.

The above mechanical strategy was further extended by Choi
et al. [43] and Kim et al. [44] to generate two-dimensional (2D),
wavy, electronic devices (as shown in Fig. 2d), which could provide
stretchability along all in-plane directions. Several computational
and theoretical studies of the buckling configurations have been
carried out in the case of biaxial prestrain [38,39,45,46]. Zang
et al. [25,47] further introduced this design concept in graphene
films (with 3–10 layers) on elastomeric substrate, in which extre-
mely large prestrains (e.g., up to 400%) can be adopted to form
ridged or crumpled patterns of grapheme films (as shown in
Fig. 2e).
3. Origami design

The introduction of origami design into stretchable batteries
was recently demonstrated by Cheng et al. [26] and Song et al.
[27] to achieve high areal energy density and unprecedented defor-
mability, with an example shown in Fig. 1b. Origami is an ancient
art of paper folding, in which the key is to form strategically
designed creases. Two representative examples are shown in
Fig. 3a through the Miura folding [27], in which many identical
parallelogram faces are connected by ‘mountain’ and ‘valley’
creases. By adopting different angles between adjacent ‘mountain’
and ‘valley’ creases, the Miura-origami can be either completely
compressible along one direction (left panel of Fig. 3a, which can
be referred to as ‘45� Miura folding’) or collapsible in two direc-
tions (right panel of Fig. 3a, which can be referred to as ‘90� Miura
folding’). The representative unit cell of 45� Miura-origami consists
of four identical parallelograms [48,49], with the short sides of
length a, the long sides of length b, and the acute angle
b / [0�,90�]. Once the shape of parallelograms is prescribed, only
one geometric parameter (i.e., the projection angle between two
ridges, / / [0�,2b]) is required to characterize the folding of
Miura-origami, with / = 2b and / = 0� representing the planar state
and completely collapsed state, respectively.

Under external mechanical loadings, the parallelogram faces
themselves usually remain undeformed since the folding and
unfolding of the creases maintains the faces in a rigid configura-
tion. Therefore, the deformability at the system level is prescribed
by the creases, while the base or constituent materials making the
origami pattern do not experience large strain except at the
creases. In this sense, the curvature radius of the creases becomes
critical in the origami design to reduce the strain level for avoiding
fracture or plastic yielding. Due to the complex geometry of ori-
gami design, only the effective mechanical properties, e.g., bending
rigidity and Poisson ratio, were studied through analytic modeling
[48,49], while the detailed deformation and strain distribution
were examined mainly through computational studies based on
finite element analyses (FEA) [27]. Fig. 3b shows an example of
deformation and strain distributions in 45� Miura-origami under
twisting and bending, in which the small level of maximum princi-
pal strain (<0.9%) illustrates the key mechanics advantage [27].
4. Serpentine bridge-island design

The bridge-island design with lithographically defined, filamen-
tary, serpentine interconnects represents another strategy used to
achieve stretchable supercapacitors, with an example shown in
Fig. 1c that consists of planar SWCNT electrodes and an ionic
liquid-based triblock copolymer electrolyte [28,29]. This design
was initially introduced by Kim et al. [50], in which the functional
components reside on the island, while the serpentine intercon-
nects form the bridge. Under stretching, the serpentine intercon-
nects (which have low effective stiffness) deform to provide the
stretchability, while the rigid islands (which have high effective
stiffness) keep almost undeformed (e.g., with <1% strain) to ensure
the mechanical integrity of functional materials. Fig. 4a presents a
schematic illustration of a serpentine interconnect with m unit cells,
in which the representative unit cell consists of two half circles that
are connected by straight lines, with the height h and spacing l.
Based on different structural designs and fabrication processes,



Fig. 4. (a) Schematic illustration of geometric parameters for a representative serpentine interconnect with m unit cells. (b) Optical image (left panel) of a coplanar serpentine
bridge-island structure and SEM image (right panel) of a non-coplanar serpentine bridge-island structure enable by substrate prestrain. (c) Normalized elastic-stretchability
of non-buckled, thick, serpentine interconnect as a function of height/spacing aspect ratio for different number of unit cells. (d) Elastic-stretchability of buckled, thin,
serpentine interconnect as a function of thickness/width aspect ratio for various eyieldl/w, m = 1 and g = 4. (e) Optical images and corresponding FEA predictions on buckling
deformation of thin serpentine interconnects with symmetric (left panel) and anti-symmetric (right panel) modes. (a), (d) and (e) are adapted from with permission from Ref.
[51], Copyright 2013, Royal Society of Chemistry. (b) is adapted from with permission from Refs. [51] (Copyright 2013, Royal Society of Chemistry) and [50] (Copyright 2008,
National Academy of Sciences). (c) is adapted from with permission from Ref. [52], Copyright 2013, Elsevier Science Ltd.
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the serpentine interconnect can be fully bonded, partially bonded,
or completely non-bonded to the elastomeric substrate, each with
different advantages/disadvantages for various application require-
ments. The underlying mechanics of serpentine interconnect is
highly dependent on the bonding conditions, as detailed below.

The completely non-bonded serpentine interconnects are usu-
ally clamped at two ends by the rigid islands (in left panel of
Fig. 4b) that are fully bonded to the substrates or raised surface relief
structures from the substrates [51]. Non-coplanar configurations of
the serpentine interconnect can be realized by using prestrain of
substrate [50], as shown in the right panel of Fig. 4b. When the
eelastic-stretchability ¼
2eyieldl

mw

�T11
�T22

�T33 � �T11ð�T23Þ
2 � �T33ð�T12Þ

2

2�T12
�T23 � 3�T12

�T33 þ ½�T22
�T33 � ð�T23Þ

2�ðg� 1Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½�T22

�T33 � ð�T23Þ
2�

2
þ ð�T12Þ

2ð�T33Þ
2

q ; ð3Þ
non-bonded serpentine interconnects are stretched from two ends,
two different deformation modes could occur depending on the
thickness/width ratio (t/w) [51]: (i) non-buckled, in-plane deforma-
tions, for large t/w (typically comparable to or larger than 1); (ii)
buckled deformations that involve not only in-plane but also out-
of-plane deformations, for small t/w (typically smaller than 1/5).
The occurrence of buckling can be accurately determined by com-
paring the applied strain to critical buckling strain that can be
expressed analytically in terms of the geometrical parameters
[51]. The critical buckling strain increases, in a proportional manner,
with the square of thickness/width ratio (t2/w2), indicating
that buckling is much easier to occur in thinner serpentine
interconnects.

For non-buckled serpentine interconnects under stretching, the
beam theory can be adopted to solve the elastic stretchability as [52]
whereg is the height/spacing aspect ratio (h/l), eyield is the yield strain
of interconnect material (e.g., 0.3% for copper), and �Tij (i, j = 1, . . .,3)
denotes the component of dimensionless flexibility matrix that
measures the force–displacement relationship [52], as given by



�T ¼ m
24

4ðg� 1Þ3 þ 6pðg� 1Þ2 þ 24ðg� 1Þ þ 3p 6½ðg� 1Þ2 þ pðg� 1Þ þ 2� 0
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Fig. 5. (a) SEM images of serpentine interconnects fully bonded onto elastomeric substrate with (left panel) and without (right panel) use of prestrain. (b) Wrinkling
wavelength as a function of the metal thickness, based on experiment, FEA and analytic modeling. (c) FEA results (left panel) and 3D MicroXCT scanning images (right panel)
of the deformed configurations for three typical metal thicknesses to illustrate the two different buckling modes. The color of FEA results in (c) represents the distribution of
out-of-plane displacement. The metal interconnects are sandwiched by two polyimide layers (1.2 lm), and mounted on a soft (60 kPa) substrate (0.5 mm). Adapted with
permission from Ref. [57], Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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where the membrane energy is neglected. The normalized stretch-
ability eelastic-stretchabilityw=ðeyieldlÞ increases with both the height/
spacing ratio g and number of unit cell m, as shown in Fig. 4c, and sat-
urates to

eelastic-stretchabilityw
eyieldl

¼ 4g3 þ 6ðp� 2Þg2 � 12ðp� 3Þgþ 9p� 28
12g

ð5Þ

for m!1 (also shown in Fig. 4c). Widlund et al. [53] derived a
different solution of stretchability for non-buckled serpentine struc-
tures, based on the 2D elasticity theory, which could provide a more
accurate prediction, in particular for relative large width/spacing
ratio (w/l) and small height/spacing ratio (g).

For buckled serpentine interconnects under stretching, Zhang
et al. [51] obtained a semi-analytic solution of elastic stretchability
as

eelastic-stretchability ¼ v2; ð6Þ

where v > 0 is the solution of the following 4th order algebraic
equation that has a single positive solution,

g2ðm;gÞv4 þ g1ðm;gÞ
t
w

v� eyieldl
w
¼ 0; ð7Þ

where g1 and g2 depend on the number of unit cell m and height/
spacing ratio g, and are determined by FEA [51]. Fig. 4d shows that
the predictions of this semi-analytic solution agree well with the
numerical results for a large range of t/w and eyieldl/w, with both
indicating that the elastic stretchability increases with decreasing
serpentine thickness (via t/w) or increasing spacing or yield strain
(via eyieldl/w). The analytic modeling of the detailed buckling
processes is quite challenging, which can be complemented by
FEA [50,51,54]. Fig. 4e illustrates the evolution of deformations
associated with two different buckling modes for strains between
0% to 80%, in which remarkable agreements can be observed
between FEA and experimental results [51]. It is noteworthy that
the geometric parameters of the serpentines place them at the
Fig. 6. (a) Geometric construction of fractal inspired serpentine interconnects from order
order. (c) Normalized elastic-stretchability of non-buckled, thick, fractal serpentine interc
different orders in the FEA results shown in (b) and (c). Adapted with permission from
transition region between two different buckling modes, such that
both modes can occur.

The fully bonded serpentine interconnects also involve coplanar
and non-coplanar configurations as shown in the left and right
panels of Fig. 5a. The deformation modes of such fully bonded sys-
tem become quite complicated as compared to completely non-
bonded case, due to the constraints from substrate deformation.
For this reason, the existing studies on the analyses of stretchabil-
ity (and elastic stretchability) mainly relied on computational
approaches based on 3D FEA [3,55–62]. Zhang et al. [57] studied
systematically the effects of key geometric and materials parame-
ters on the elastic stretchability and the enhancements enabled by
the prestrain strategy. The FEA calculations indicate a drastic
decrease in the elastic stretchability with increasing metal thick-
ness, which can be mainly attributed to changes in the buckling
mode, i.e., from local wrinkling at small thicknesses to absence of
such wrinkling at large thicknesses, as revealed by experiment in
Fig. 5c. The associated mechanics results from a competition
between the buckling wavelength and the length of the straight
segments of the serpentine structure, as illustrated in Fig. 5b,
through combined analytic, FEA and experiment results.
5. Fractal inspired bridge-island design

The fractal inspired interconnect designs could make full use of
a limited space by increasing the fractal order, thereby with a great
advantage in enhancing, simultaneously, the areal energy density
and system stretchability of batteries, as illustrated by Xu et al.
[30] in an ultra-stretchable lithium-ion battery (shown by
Fig. 1d). Here, the key is to design an appropriate fractal layouts
of the interconnects that could fit well with the other components
of the battery. Fig. 6a provides an example of fractal layout (with
fractal order n up to 4) starting with the serpentine configuration
as the 1st order structure. The nth order serpentine interconnect
is created by reducing the scale of the (n � 1)th order interconnect,
1 to 4. (b) Three representative normalized flexibility components versus the fractal
onnect versus the fractal order. The width is fixed as w ¼ 0:4lð1Þ for the structures of
Ref. [52], Copyright 2013, Elsevier Science Ltd.



Y. Zhang et al. / Current Opinion in Solid State and Materials Science 19 (2015) 190–199 197
followed by 90� rotation, and then connecting multiple copies of
them in a fashion to reproduce the layout of original geometry.
According to the self-similar nature in geometry [63], the length
parameters [spacing l(i), height h(i)] at any order can be scaled with
the spacing of the highest order l(n) by

lðiÞ ¼
Yn�i

k¼1

gðn�kþ1Þ

2mðn�kÞ

" #
lðnÞ; hðiÞ ¼ gðiÞ

Yn�i

k¼1

gðn�kþ1Þ

2mðn�kÞ

" #
lðnÞ; ði

¼ 1; . . . ;n� 1Þ; ð8Þ

where m(i) and gðiÞ ¼ hðiÞ=lðiÞ are the number of unit cells and height/
spacing aspect ratio at order i. To keep the overall geometry exactly
the same at each order, these two parameters should be all the
same at each order, which, however, may not be necessary in prac-
tical applications.

Similar to the serpentine interconnects, the fractal inspired
interconnects (simply referred to as fractal interconnects) can be
also made fully bonded, or completely non-bonded to the elasto-
meric substrate. Stretched from two ends, the non-bonded fractal
interconnects also undergo non-buckled, in-plane deformations
for large t/w (typically comparable to or larger than 1), and buckled
deformations for small t/w (typically smaller than 1/5). For non-
buckled fractal rectangular and serpentine interconnects under
stretching, Zhang et al. [52] developed analytical models of flexibil-
ity and elastic stretchability, through establishing the recursive
formulae at different fractal orders. Fig. 6b illustrates that the ana-
lytic flexibility components, as validated by FEA results, all increase
with fractal order (n), and are more than doubled for each n
increasing by 1. The analytic solution of elastic stretchability is also
in good agreement with FEA results, as shown in Fig. 6c, with both
Fig. 7. (a) Optical images and corresponding predictions based on HCM for a 2nd order fr
of material versus the applied strain for 2nd order fractal interconnects in (a), based on c
order for buckled, thin, fractal serpentine interconnect from n = 1–4, with ðm;gÞ ¼ ð4;8=
ðw=lð1Þ ¼ 0:4Þ, for structures of different fractal orders. The color in HCM results shown in
from Refs. [30] (Copyright 2013, Nature Publishing Group) and [63] (Copyright 2014, El
indicating that the elastic limit of the interconnect can be well
improved by adopting higher order fractal design.

For buckled fractal serpentine interconnects under stretching,
an interesting deformation mechanism of ordered unraveling was
unveiled by Xu et al. [30], through combined mechanics modeling
and experiment measurement. As shown in Fig. 7a, the 2nd order
structure (i.e., the large spring) unravels first via out-of-plane
bending and twisting through buckling, during which there is
essentially no deformation in the 1st order structure (i.e., the small
spring) (see top 4 images in Fig. 7a). The unraveling of the 1st order
structure only starts as the 2nd order structure is fully extended
(corresponding to an applied strain of �150%), and continues until
the stretchability (�300%) is reached (see bottom 3 images in
Fig. 7a). Based on this unique mechanism, Zhang et al. [63] devel-
oped an effective and robust hierarchical computational model
(HCM), for postbuckling analysis of the fractal interconnects, which
could reduce substantially the computational efforts and costs as
compared to conventional FEA. Fig. 7a–c illustrate that this HCM
has a good accuracy in predictions of the deformation and strain
magnitude for the fractal serpentine interconnects [63]. The results
in Fig. 7c show that the elastic stretchability increases by >3 times
for each increase of n by 1, which represents a huge increase (�200
times) of elastic stretchability from �10.7% for the 1st order, to
�2140% for the 4th order.

For fully bonded fractal interconnects, Fan et al. [64] studied the
deformations of various deterministic fractal layouts, including
Peano, Greek cross, Hilbert, Vicsek and other space-filling curves,
as shown in Fig. 8. The FEA predictions of deformed configurations
(Fig. 8b) agree well with the experimental images (Fig. 8c) for all
the different fractal layouts. A high precision electro-mechanical
actal interconnect under various stages of stretching. (b) Maximum principal strain
alculations of HCM and conventional FEA. (c) Elastic-stretchability versus the fractalffiffiffiffiffiffi
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p
Þ, the thickness/width aspect ratio (t/w = 0.03), and the width to spacing ratio

(a) represents the magnitude of maximum principal strain. Adapted from permission
sevier Science Ltd).



Fig. 8. (a) Fractal inspired interconnects with six different topologies, which are fully bonded onto elastomeric substrates. (b) FEA calculations and (c) corresponding
experimental MicroXCT images (scale bars, 2 mm) of each structure under elastic tensile strain. The interconnects consist of a gold layer (300 nm) sandwiched by two
polyimide layers (1.2 lm), and are mounted on a soft (50 kPa) substrate (0.5 mm). Adapted from permission from Ref. [64], Copyright 2014, Nature Publishing Group.
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approach was also introduced by Fan et al. [64] to measure the
elastic–plastic transition (or the elastic stretchability) for the frac-
tal interconnects, which shows reasonable accordance with FEA
calculations. Due to the mechanical constraints of the elastomeric
substrate, the elastic stretchability of fully bonded fractal intercon-
nects is usually much lower than the counterpart of completely
non-bonded interconnects [5].
6. Concluding remarks

Fast developments and substantial achievements have been
made on various aspects of stretchable energy storage systems,
driven mainly by advances in the field of stretchable electronics
that have already yielded sophisticated system-level demonstra-
tors in important areas of application that cannot be addressed
with any other approach. The designs rely critically on extreme
forms of mechanics-guided heterogeneous integration of ultrahard
(e.g., moduli approaching 1 TPa, for SWNTs and graphene [14,25])
and ultrasoft components (e.g., modulus �3 kPa for certain cellular
forms of elastomers [65], and �60 kPa for ecoflex [30]), with four
representative strategies reviewed in this paper. Quantitative
mechanics design has been playing crucial roles, at a level of
importance that is comparable to circuit design in conventional
electronics [66]. While several efforts have been devoted to
develop analytical and computational models for each specific
strategy, most of these models were built with certain idealiza-
tions/assumptions, and may not be applicable for some extreme
conditions that are also important for new emerging applications.
As such, there are still many open challenges and opportunities for
future research. For example, the complex morphology and failure
of ridged (or crumpled) pattern [25,47,67] formed with a relative
large uniaxial (or biaxial) strain (e.g., >200%), as shown in Fig. 2e,
cannot be well predicted by the existing models. A theoretical
mechanics model of the origami design [27] remains necessary
to correlate the maximum material strain with the constructing
geometric parameters under bending or twisting deformations.
Besides, developing analytical and/or computational models that
account for the interfacial delamination are also desirable for ser-
pentine and fractal interconnects bonded onto or encapsulated in
a soft elastomer. The topology optimization of interconnect config-
urations to identify a best layout for prescribed loading conditions
remains as a virgin area of research.
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