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Recent progress in stretchable forms of inorganic electronic systems has
established a route to new classes of devices, with particularly unique
capabilities in functional biointerfaces, because of their mechanical and
geometrical compatibility with human tissues and organs. A reliable approach to
physically and chemically protect the electronic components and interconnects
is indispensable for practical applications. Although recent reports describe
various options in soft, solid encapsulation, the development of approaches that
do not significantly reduce the stretchability remains an area of continued focus.
Herein, a generic, soft encapsulation strategy is reported, which is applicable to
a wide range of stretchable interconnect designs, including those based on two-
dimensional (2D) serpentine configurations, 2D fractal-inspired patterns, and 3D

biointerfaces between rigid inorganic
electronic components and soft biological
tissues,l'?*! as a means to monitor health
conditions and to execute certain thera-
pies.2>31 A majority of previous studies
in this area focused on the development of
materials designs and mechanics concepts
to achieve a high degree of deformability,
while  maintaining  high-performance
functionality.3>3 A reliable scheme for
encapsulating stretchable electronics plat-
forms is essential for practical applica-
tions, since a direct physical contact with
the outside environment could result

helical configurations. This strategy forms the encapsulation while the system

is in a prestrained state, in contrast to the traditional approach that involves

the strain-free configuration. A systematic comparison reveals that substantial
enhancements (e.g., =6.0 times for 2D serpentine, =4.0 times for 2D fractal, and
~2.6 times for 3D helical) in the stretchability can be achieved through use of
the proposed strategy. Demonstrated applications in highly stretchable light-
emitting diodes systems that can be mounted onto complex curvilinear surfaces

illustrate the general capabilities in functional device systems.

1. Introduction

Rapid development of the technologies of stretchable elec-
tronics has enabled a diversity of mechanically compliant

in failure of fragile device components
and/or interconnects.*>* Despite the
importance, relatively few studies focus
on the development of encapsulation
strategies with enhanced performance
or robustness. Most approaches simply
involve the application of soft elastomer
encapsulants as a final step in the fabri-
cation process.>>% For example, Van-
fleteren’s groupl®'%4 studied extensively
the deformation behaviors and failure
mechanisms of planar serpentine-shaped
conductors encapsulated with polymers. For stretchable
metallic interconnects with different bonding conditions (e.g.,
fully or partially bonded to the substrates), the solid encapsu-
lant typically leads to a pronounced reduction in the elastic
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stretchability, due to constraints on the out-of-plane motions
of the interconnects. Liquid encapsulation schemes®>% avoid
this limitation, but they introduce leakage as a possible failure
mode. A partially released encapsulation method!®”! was pro-
posed recently to improve the stretchability of 3D helical inter-
connects, which, however, could not be extended directly to 2D
shaped interconnects (e.g., serpentine interconnects) that were
widely exploited in stretchable electronic devices. Development
of a generic solid encapsulation strategy that does not sacrifice
stretchability remains a challenge.

Here, we report a two-stage sequence for introducing solid
encapsulation materials on stretchable electronic systems, with
wide applicability across the most advanced interconnect con-
figurations, including 2D serpentine, 7>l 2D fractal-inspired
shapes, 7€ and 3D helical coils.l*”77-8% This strategy forms
the solid encapsulation while the electronic system is in a pre-
stretched state, instead of the load-free state adopted in conven-
tional strategies. Release of the prestretch after application of
the encapsulation completes the process. In this manner, the
constraints of the solid encapsulant on the interconnect defor-
mations that occur under external loading can be relieved sub-
stantially, as demonstrated by both experiments and mechanics
modeling. Quantitative studies based on finite element analysis
(FEA) illustrate methods to optimize this two-stage encapsu-
lating process to maximize the stretchability. By comparison
to the conventional one-stage encapsulation strategy, this two-
stage process increases the elastic stretchability, e.g., by factors
of =6.0 for 2D serpentine interconnects, =4.0 for 2D fractal
interconnects, and =2.6 for 3D helical interconnects. Highly
stretchable collections of light-emitting diodes (LEDs) that be
mounted onto complex curvilinear surfaces serve application
examples.

2. A Two-Stage Soft Encapsulation Strategy

Figure 1a presents a schematic illustration of a two-stage encap-
sulating process for stretchable electronics constructed with 2D
serpentine interconnects. During the first stage of the two-stage
encapsulating process, the elastomeric substrate (E = 20 kPa;
Ecoflex 00-30A/B, Smooth-on, USA) is prestretched to an
encapsulating strain (€encyp), at which the soft encapsulation
layer (E = 3 kPa; Silbione 4717A/B, Bluestar Silicones, France)
is added. In the second stage, the substrate is fully released
to complete the encapsulation. In contrast, the conventional
one-stage encapsulating process forms the solid encapsula-
tion when the system is in a load-free state, without applying
any prestretch (Figure 1b). Note that the 2D serpentine inter-
connects are selectively bonded to the substrate at the two
ends before the encapsulation, such that the prestretch leads
to a buckled 3D configuration through controlled bending and
twisting deformations. Such a buckled 3D configuration plays
an important role in enhancing the stretchability in the encap-
sulated condition, as elaborated subsequently.

Mechanics modeling based on 3D FEA (see the Experi-
mental Section for details) allows quantitative evaluation of
the two-stage encapsulation strategy. Consider, for example,
serpentine interconnects consisting of polyimide (PI)/metal/
PI multilayers, where PI layers (1.4 um) serve as supports to
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mechanically protect the ultrathin metal layer (0.2 um) from
failure. Positioning the metal layer at the neutral mechanical
plane of the sandwich design reduces the maximum strain
in the metal during stretching, thereby increasing the overall
stretchability. In the FEA, the elastic stretchability is defined
as the overall dimensional change below which the structural
deformations can recover completely. Considering that the
elastic strain limit of PI (>8%)BY is much larger than that of
metal (e.g., Au, =0.25%), the elastic stretchability is typically
limited by the metal layer. Figure 1c shows that the elastic
stretchability (61%) of 2D serpentine interconnects with
the two-stage encapsulation is more than six times higher
than that (9%) with one-stage encapsulation. The substantial
improvements of elastic stretchability follow from the distinct
mechanisms of stress accumulation. For interconnects with
one-stage encapsulation, the maximum Mises stresses in the
metal layer increase rapidly and monotonically (Figure 1c), as
the stretching proceeds, which limits the elastic stretchability.
By comparison, the maximum Mises stresses in the intercon-
nects with two-stage encapsulation decrease first to reach a
local minimum as the applied strain reaches €ec,p, and then
increases beyond €ec.p- This behavior is mainly attributed to
predeformed interconnects that can accommodate an applied
strain at least larger than €. The selection of a proper encap-
sulating strain (€qncp) is essential in the design optimization, as
shown in the next two sections.

Figure 1d—f presents the deformed configurations with Mises
stress distributions for 2D serpentine interconnects stretched
to the corresponding elastic limits, in which both the one-stage
and two-stage encapsulating processes are taken into account.
Distinct deformation mechanisms can be observed from such
as comparison. In particular, the lateral buckling during the
prestretching stage of two-stage encapsulating process leads
to buckled 3D configurations. With solid encapsulation, such
buckled 3D configurations can be unraveled more easily than
2D configurations that are entirely restricted to the substrate
surface in the one-stage encapsulating process. This is also evi-
denced by the good agreement between experiment and FEA
results (Figure 1d,e). Figures S1-S3 (Supporting Information)
provide additional FEA results and optical images of the ser-
pentine interconnects at different view angles, which illustrated
the detailed 3D configurations at different states of two-stage
encapsulation. Due to the interaction with the deformed ser-
pentine interconnects, the encapsulation layer also experiences
nonuniform out-of-plane deformations (Figure S4, Supporting
Information).

3. 2D Serpentine Interconnects

Quantitative mechanics modeling can serve as an impor-
tant tool to optimize the processing parameters in the
two-stage encapsulation process for 2D serpentine intercon-
nects. The use of conventional one-stage encapsulations
strategies and/or fully bonded 2D interconnects strongly
limits the elastic stretchability, to values that are typi-
cally in the range of 10% or less. The two-stage encap-
sulation strategy can improve the elastic stretchability
dramatically (e.g., more than six times) by adopting a proper
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Figure 1. Schematic illustration of the proposed two-stage encapsulation strategy and conventional one-stage encapsulation strategy for 2D serpentine
interconnects. a,b) Process of the a) two-stage and b) one-stage soft encapsulation strategy for 2D serpentine interconnects. For two-stage encap-
sulation strategy, the soft elastomer encapsulation is added while the substrate, on which the 2D serpentine interconnects are selectively bonded, is
stretched to an encapsulating strain (€encsp). Meanwhile for one-stage encapsulation strategy, the encapsulant is added at load-free state. c) Maximum
Mises stress in the metal layer of the 2D serpentine interconnect as a function of the applied strain (&,ppjieq)- d,€) FEA results and optical images
on the undeformed and deformed configurations of a 2D serpentine interconnect with Mises stress distributions in the conditions of d) two-stage
encapsulating processes (left, £qnc,p = 26%) (top, load-free state; bottom, &,pieq = 61%) and e) one-stage encapsulating process (right) (top, load-
free state; bottom, &,pp1eq = 9.0%). The key geometric parameters include tet = 0.4 um, tp; = 3.0 um, width (w =100 um), amplitude (1.8 mm), and
spacing (1.35 mm). The applied strain corresponds to the elastic stretchability. f) Similar results for the 2D serpentine interconnect in a perspective
view. Scale bars, 1 mm.

encapsulating strain, as compared to the one-stage encap-  respectively), beyond which plastic yielding occurs in the metal
sulation (Figure 2a). The improvement in stretchability layer after full release of the prestretch. The threshold encap-
increases with increasing €.cap Up to a threshold (€encep — 1, sulating strain (€epcap — 1) can be regarded as an optimal value
25% and 26% for amplitude/spacing ratio = 3.33 and 4.00, to maximize the elastic stretchability during the two-stage
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Figure 2. Mechanics of the two-stage encapsulation strategy for 2D serpentine interconnects. a) Elastic stretchability of an encapsulated 2D serpen-
tine interconnect with use of different levels of encapsulating strains in the two-stage encapsulation strategy. b) Elastic stretchability of 2D serpentine
interconnects formed with different amplitude/spacing ratios and c) different metal thicknesses, in both the conditions of one-stage and two-stage
encapsulation. d,e) Contour plot of elastic stretchability in terms of metal thicknesses and Pl thicknesses for 2D serpentine interconnects in the condi-
tions of d) two-stage encapsulation and e) one-stage encapsulation. f) Scale effect on the elastic stretchability of 2D serpentine interconnects, where
the size refers to the distance between the left-most and right-most bonding sites. g) Resistance of a 2D serpentine interconnect before and after cyclic
stretching test. h) Encapsulation thickness of 2D serpentine interconnects in the two-stage process versus the encapsulating strain. Elastic stretchability
of 2D serpentine interconnects using different i) encapsulation materials, j) substrate materials, and k) metal materials.

encapsulation. The amplitude/spacing ratio of the 2D ser-
pentine interconnects represents a key design parameter
that affects the elastic stretchability (Figure S5, Supporting
Information). As compared to the one-stage encapsulation,
in which the elastic stretchability changes relative slightly,
the elastic stretchability in the two-stage encapsulation con-
dition increases significantly with increasing the ampli-
tude/spacing ratio (Figure 2b). The threshold encapsulating
Strains (€encap — 1) for different amplitude/spacing ratios are
in Figure S6 (Supporting Information). The metal thickness
plays a crucial role in the resulting elastic stretchability of 2D
serpentine interconnects, as evidenced by the FEA results in
Figure 2c. To take full advantage of the sandwich (PI/metal/PI)
design, the thicknesses of the metal layer and PI layer are
changed simultaneously to study the variation of the elastic
stretchability. The contour plots of elastic stretchability for the
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two-stage (Figure 2d) and one-stage (Figure 2e) encapsulating
conditions both suggest an optimum set of thicknesses as
=1.4um and tP™ =04 um. In this set of calcula-
tions, some key geometric parameters of 2D serpentine inter-
connects include the width (w = 50 um), amplitude (0.9 mm),
and spacing (0.675 mm).

The two-stage encapsulation strategy is scalable across a
large range of dimensions. As shown in Figure 2f, when the
in-plane sizes are increased from 2.4 to 19.2 mm for fixed
thicknesses of PI and metal layers, no obvious change in the
elastic stretchability can be observed. Fatigue tests (Figure 2g
and Figure S7, Supporting Information) demonstrate the
robustness of the electrical interconnects. In particular, the
resistances of the 2D serpentine interconnects change very
slightly, after repetitively stretching the structures to 9% and
61% for one-stage and two-stage encapsulating conditions,

optimum
tPI
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respectively, at a strain rate of 111% min™' for a thousand
cycles.

It is noteworthy that the thickness of the encapsulation can be
very thin (<0.2 mm) for 2D serpentine interconnects with two-
stage encapsulating strategy. When alternative encapsulating
materials, substrate materials, and metal materials (e.g., Au,
Ni, and Cr) are adopted, both the optimal encapsulating strain
and the elastic stretchability vary, as shown in Figure 2i-k. For
the two-stage encapsulation of 2D serpentine interconnects, the
elastic stretchability depends highly on the encapsulation mod-
ulus, rather than the substrate modulus, because the buckled
architectures mainly interface with the encapsulation material.
Unlike the case for one-stage encapsulation, the elastic stretch-
ability is more sensitive to the substrate modulus in the range
considered herein. This sensitivity can be attributed to the
planar configuration of the interconnects and their tight attach-
ment to the substrate and the encapsulation materials and the
fact that the substrate is more rigid than the encapsulant for
these studies (Figure 2ij). Figure 2k shows that the two-stage
encapsulation strategy can improve the elastic stretchability
substantially for other choices of metals as well. Effects of the
encapsulation modulus, substrate modulus, and metal modulus
on the threshold encapsulating strain of 2D serpentine inter-
connects are presented in Figure S8 (Supporting Information).
In all of the cases considered herein, the two-stage encapsula-
tion strategy can always enable an obvious improvement of the
stretchability.

4. 2D Fractal-Inspired Interconnects and 3D
Helical Interconnects

Existing studies demonstrated that free-standing intercon-
nects with fractal-inspired 2D patterns can offer a larger elastic
stretchability than 2D serpentine patterns, for a prescribed
areal coverage of functional components in island-bridge
designs.[°>7°] Similar to 2D serpentine interconnects, the con-
ventional one-stage solid encapsulation reduces the elastic
stretchability of the 2D fractal interconnects to a relatively
low level (e.g., =11%). By implementing the two-stage encap-
sulation strategy, the elastic stretchability can be increased by
more than four times (i.e., to 46%), in comparison to the one-
stage encapsulation, through a mechanism (i.e., formation of
buckled 3D configurations during the prestretch) similar to
that of the 2D serpentine interconnects. Figure 3a presents the
FEA results of deformed configurations with Mises stress dis-
tribution, when the 2D fractal interconnect is stretched to the
elastic limit, for both one-stage and two-stage encapsulation.
Optical images collected at the same applied strains show good
agreement with FEA. The fatigue tests shown in Figure 3b
demonstrate the robustness and validate the FEA prediction
of elastic stretchability in a quantitative manner. In particular,
the cyclic test of uniaxial stretching with a fixed strain rate of
67% min~! was performed for the 2D fractal-inspired intercon-
nects under both the one-stage and two-stage encapsulation.
The resistance was measured after every 100 cycles. The experi-
mental results showed that the 2D fractal-inspired interconnect
under one-stage encapsulation process survives 1000 cycles for
the strain amplitude of 11%, as evidenced by the negligible
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resistance change. But the interconnect fails after 900 and
700 cycles, for the strain amplitudes of 13% and 15%, respec-
tively. Optical images in Figure 3c present the cracked sections
in the interconnects, which coincide with the locations of strain
concentration predicted by FEA (Figure 3a). These experimental
results suggest the elastic stretchability to be in the range of
11%-13%, which is in accordance with the FEA result (=11%).
In the condition of two-stage encapsulation, the experimental
results also show good agreement with FEA predictions, as pre-
sented in Figure 3b,c (bottom).

The metal thickness of the 2D fractal-inspired interconnects
also plays a significant role in the elastic stretchability. A rep-
resentative set of FEA results appears in Figure 3d, where the
elastic stretchability of 2D fractal-inspired interconnects with
the two-stage encapsulation strategy decreases with increasing
the metal thickness. By contrast, with the change of metal
thickness, the 2D fractal-inspired interconnects under the one-
stage encapsulation exhibit three types of deformation modes,
namely, wrinkling, buckling, and scissoring.””! For the mode of
wrinkling, a local maximum (=10%) appears at te = 0.4 um.
For the mode of buckling, the elastic stretchability increases
slightly with increasing the thickness, due to the transition into
the scissoring mode without any out-of-plane deformations.
Despite these differences, the two-stage encapsulation strategy
holds a substantial advantage of the resulting elastic stretch-
ability over the one-stage process, for a very wide range of metal
thicknesses. Further optimization of elastic stretchability for
different metal thicknesses and PI thicknesses is presented in
Figure S9 (Supporting Information).

It is also noteworthy that with the two-stage encapsulating
strategy, the minimum thickness of the encapsulation layer
to fully cover the buckled interconnects is typically below
0.3 mm (Figure 3e), which does not affect the flexibility of the
entire structure significantly. The elastic stretchability of 2D
fractal-inspired interconnects with two-stage encapsulation
process also depends highly on the encapsulation modulus
rather than the substrate modulus. This follows from a similar
mechanism to the 2D serpentine interconnects that the buckled
configurations mainly interact with the encapsulation material
(Figure 3f,g). When alternative metal materials with a higher
modulus are adopted for the interconnects, the elastic stretch-
ability can be improved slightly (Figure 3h). Similar trends of
the encapsulating strain are shown in Figure S10 (Supporting
Information).

The two-stage encapsulation strategy can also be extended
to the 3D helical configurations formed via mechani-
cally guided assembly techniques, as reported in recent
years.[7:808283] Compared with the 2D serpentine intercon-
nects, 3D helical interconnects showed higher mechanical
compliance because of their smooth and low strain dis-
tribution reacting to stretching load, as demonstrated by
Jang et al.l’] Despite this advance, the stretchability of 3D
helical interconnects is severely limited even ultrasoft elas-
tomer (E = 3 kPa; Silbione 4717A/B, Bluestar Silicones,
France) is employed as encapsulation material (Figure S11,
Supporting Information). Applying the two-stage encap-
sulating process can increase the elastic stretchability by
a factor of =2.6, in comparison to the one-stage process
(Figures S12 and S14, Supporting Information). Here, the key
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Figure 3. Mechanics of the two-stage encapsulation strategy for 2D fractal-inspired interconnects. a) Optical images and FEA results on the unde-
formed and deformed configurations of a 2D fractal interconnect with Mises stress distributions in the conditions of one-stage and two-stage encapsu-
lating processes ( €encap = 22%). The left figures present the load-free state, and the right figures present the deformed state stretched to the elastic limit.
Scale bars, 1 mm. b) Variation of the resistance for the 2D fractal-inspired interconnects with one-stage (top) and two-stage (bottom) encapsulating
processes under different levels of strain amplitudes. c) Optical images of the interconnects (with one-stage encapsulation) after 1000 cycles with a
strain amplitude of 11% and 600 cycles with a strain amplitude of 15%, and similar results (with two-stage encapsulation) after 71000 cycles with a
strain amplitude of 46% and 600 cycles with a strain amplitude of 50%. Here, the red circles highlight the cracked sections. Scale bars, T mm. d) Elastic
stretchability of 2D fractal-inspired interconnects formed with different metal thicknesses, in both conditions of one-stage and two-stage encapsulation
strategy. e) Encapsulation thickness of 2D fractal-inspired interconnects in the two-stage process versus the encapsulating strain. Elastic stretchability
of 2D fractal-inspired interconnects using different f) encapsulation materials, g) substrate materials, and h) metal materials.

with the further increase of ¢ Such a nonmonotonous

geometric parameters of the 2D precursor for the formation
of 3D helical interconnects include the width (w = 50 um),
central arc angle (6, = 180°), and arc radius (0.425 mm)
(Figure S15, Supporting Information). For the 3D helical
interconnects, the encapsulation effect on the elastic stretcha-
bility depends highly on the prestrain (g,.) and the geometric
parameters of the 2D precursor adopted in the 3D assembly.
Figure S16 (Supporting Information) shows that the elastic
stretchability increases with increasing &, at the initial stage
in both conditions of one-stage and two-stage encapsula-
tion, because the 3D helical interconnects become denser.
Beyond a critical prestrain, the elastic stretchability decreases

Adv. Funct. Mater. 2019, 29, 1806630
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pre-
dependence results from distinct reasons for the one-stage

and two-stage encapsulating processes. During the one-stage
encapsulation, a knot-like structure forms when a sufficiently
large €, is adopted, which cannot be effectively unravelled
during stretching, thereby limiting the further increase of
elastic stretchability. During the two-stage encapsulation,
the threshold encapsulating strain (€encp - ) dramatically
decreases at a large €. (Figure S17, Supporting Informa-
tion), which results in a reduction in the elastic stretchability
beyond & = 200%. Despite these limits, the two-stage encap-
sulation strategy enables a significant improvement in the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Mechanics of the two-stage encapsulation strategy for 3D helical interconnects. a) Optical images and FEA results on the undeformed and
deformed configurations of a 3D helical interconnect with Mises stress distributions in the conditions of one-stage (top, &encap = 0%) (left, load-free
state; right, €,pplied = 46%) and two-stage encapsulating processes (bottom, €.ncap = 50%) (left, load-free state; right, &,ppiied = 123%) (scale bars, 1 mm).
The key geometric parameters of the 2D precursor used in the 3D assembly include &pe = 1509%, tmetal = 0.4 im, tp; = 3.0 um, width (w =100 um),
central arc angle (6, = 180°), and arc radius (0.85 mm). b) Elastic stretchability of an encapsulated 3D helical interconnect with use of different levels
of encapsulating strains in the two-stage encapsulation strategy. c) Resistance of a four-unit 3D helical interconnect presented in (a) before and after

cyclic stretching test.

elastic stretchability over the one-stage strategy for all pre-
strains (up to approximately four times for .= 250%). Such
knot-like structures formed in the conventional one-stage
encapsulation mainly result from in-plane rotational motions
at the peaks of the helices (Figure 4a) and become evident
when using high levels of prestrain (g,.) in the 3D assembly.
The two-stage encapsulation strategy avoids the formation of
such knot-like structures by prestretching the substrate prior
to adding the encapsulation. This mechanism is highlighted
by the optical images of deformed configurations based on
experiments (Figure 4a), which also agree reasonably well
with FEA.

Figure 4b shows that the use of €, above a certain
threshold (50% and 54% for &, = 150% and 200%, respec-
tively) can lead to plastic yielding of the 3D helical inter-
connects before full release of the prestretch in the sub-
strate. Below such a threshold, the elastic stretchability
increases monotonically with increasing €q,c,p, indicating an
enhancement in stretchability by a factor of more than two
for €encap > 39%. Fatigue tests (Figure 4b) demonstrate the
robustness of the electrical interconnects. The metal thick-
ness also plays a crucial role, as evidenced by the FEA
results in Figure S18 (Supporting Information). When the
metal thickness is larger than a critical value, the elastic
stretchability is totally suppressed, because plastic yielding
occurs in the metal layer during the mechanically guided
3D assembly, and any further external loading induces
irreversible deformations. Further optimization that con-
siders both the PI thickness and metal thickness appears in
Figure S19 (Supporting Information). The two-stage encapsu-
lation strategy is also scalable across a large range of sizes for
the 3D helical interconnects (Figure S20, Supporting Infor-
mation). The thickness of encapsulation layer can also be
very thin, typically below 0.6 mm for the cases studied herein
(Figure S21, Supporting Information). The dependences of
the elastic stretchability on the moduli of encapsulation mate-
rial, substrate material, and metal material are presented in
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Figures S22 and S23 (Supporting Information), showing
similar trends with the 2D serpentine interconnects.

5. Highly Stretchable LED Systems with Solid
Encapsulation

The reported two-stage encapsulation strategy has general
utility across a broad range of stretchable electronic devices.
As an example, we demonstrated an encapsulated device in
the form of highly stretchable LED systems that use net-
works of 2D fractal interconnects (Figure 5a,b). For the
conventional one-stage encapsulation, the elastic stretch-
ability of the device system is only =10% for uniaxial or
biaxial stretching (Figure 5c). This elastic stretchability is
significantly increased, by a factor of approximately four (to
=~40%), with use of the two-stage encapsulation strategy, as
illustrated in Figure 5d. Experimental results (Figures S24
and S25, Supporting Information) under the cyclic biaxial
stretching and relaxing with a fixed strain rate of 77% min~!
verify such a stretchability enhancement. In particular, the
stretchable LED systems under one-stage encapsulation sur-
vive 1000 cycles for the strain amplitude of 9.6%, and fail
after 400 cycles for the strain amplitude of 12%. The two-
stage encapsulation enhances the elastic stretchability signifi-
cantly to the range of 40%—42%, according to the cyclic test.
The experimental results in Figure 5d present encapsulated
working devices under such levels of stretching. Practical
demonstrations with coupled bending and folding deforma-
tions show that the encapsulated device can be mounted onto
complex curvilinear surfaces (Figure 5e), as an additional
indication of excellent mechanical properties.

Another encapsulated device demonstration is a 3D elec-
tromagnetic (EM) energy harvester that can power commer-
cial LEDs, as presented in Figure 6a,b. This system exploits
a spring-like 3D helical architecture to serve both as the
antenna and as the interconnects. The entire system was

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Highly stretchable LED systems with solid encapsulation. a) Illustration of the device with a 3 x 3 array consisting of 2D fractal
interconnects. b) Optical image of an experimentally realized device (scale bar, 1 mm). c) System-level deformations under uniaxial and biaxial
stretching and Mises stress distribution determined by FEA in the conditions of c) one-stage and d) two-stage encapsulating processes. Optical
images are shown in (d) for the two-stage encapsulation (scale bars, 1 mm). e) Optical images of the working device under different forms of
complex mechanical loadings. This device is formed using the two-stage encapsulation strategy with encapsulating strain €qnc,p = 25% (scale

bars, 5 mm).

formed through the mechanically guided 3D assembly, in
which an equal biaxial prestrain of &, = 150% was adopted
(Figure S26, Supporting Information). With a solid encap-
sulation, the elastic stretchability of the 3D device system
is smaller than that of the individual unit cell of the 3D
coil, in part due to the complicated interactions between
elastomer encapsulation and closely distributed 3D coils,
as presented in Figure 6¢. In comparison to the one-stage
encapsulation, the elastic stretchabilities under both uniaxial
and biaxial loadings are improved by a factor of around four,
through use of the two-stage encapsulation with gepeqp = 30%
(Figure 6d). With the two-stage encapsulation strategy, this
device system offers ultrahigh elastic stretchabilities (102%
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and 94% for uniaxial and biaxial stretching, respectively).
For such complex 3D constructions, the FEA can capture
well the detailed deformations at different locations of the
device, as evidenced by the agreement with the experimental
results. We characterized the EM property of the antenna
by experimental measurement and EM simulations using
the commercial software HFSS as presented in Figure Ge.
The difference of return loss parameter (S11) between
the load-free state and stretched (50%) state is relatively
small, as shown by both the simulation and experiment
results. Optical images of the working device presented
in Figure 6f prove the functionality under a large uniaxial
stretch.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. 3D soft antenna system with solid encapsulation. a,b) Optical images of a fabricated 3D soft antenna consisting of helical mesostructures,
with a) a perspective view and b) a top view. c) System-level deformations under uniaxial and biaxial stretching and Mises stress distribution determined
by FEA in the conditions of c) one-stage and d) two-stage encapsulating processes. Optical images are shown in (d) for the two-stage encapsulation
(scale bars, T mm). e) Electromagnetic (EM) characterization of the 3D helical antenna, showing the return loss parameter (S11) versus frequency
based on EM simulation and experiment measurements. f) Optical images of the working device, in the undeformed and uniaxially stretched (50%)

states, respectively (scale bars, 5 mm).

6. Conclusion

In summary, we developed a generic solid encapsulation
method, capable of offering unprecedented elastic stretch-
abilities for a broad range of interconnect configurations. In
comparison to the conventional one-stage encapsulation, the
proposed two-stage encapsulation can enable an increase of
stretchability by factors of approximately six for 2D serpentine
interconnects, approximately four for 2D fractal interconnects,
and =2.6 for 3D helical interconnects. Combined theoretical and
experimental studies elucidated the underlying mechanisms
of such stretchability enhancement and the effects of various
design parameters. Device demonstrations in encapsulated soft
LED systems constructed with 3D helical interconnects and 2D
fractal interconnects show the ultrahigh stretchability can be
well maintained at the device level. The presented soft encap-
sulation strategy has general utility in various stretchable inter-
connect technologies, and therefore has promising applications
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in the design of stretchable devices with different targeted
applications.

7. Experimental Section

Experiment—rFabrication of the Encapsulated 3D Helical Interconnects:
Spin-casting poly(methyl methacrylate) (PMMA; =100 nm in thickness,
Microchem, USA) formed a thin sacrificial layer on a silicon wafer.
Spin-casting Pl (=3 um in thickness, Sigma-Aldrich, USA), depositing
thin layers of metal by electron beam evaporation (Cr/Au, thickness
10/400 nm), and spin-casting another layer of polyimide followed by
femtosecond laser cutting (Rofin, Deutsch) defined a network of 2D
serpentine structures, here referred to as the 2D precursor. Dissolving
the PMMA by immersion in acetone for 10 min allowed retrieval of the
2D precursor onto the surface of a polydimethylsiloxane (PDMS) stamp
(Sylgard 184, Dow Corning Corporation, USA). Selective gumming
of silicone rubber (705, RTV, NanDa, China) through a shadow mask
(i.e., a thin (0.1 mm) sheet of polyethylene terephthalate (PET) film
patterned with laser cutting) defined sites for strong bonding to a

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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silicone elastomer substrate (thickness 1 mm; Ecoflex 00-30A/B,
Smooth-on, USA). A custom mechanical stage allowed application of
precisely controlled levels of biaxial strain to this elastomer. Transfer
printing the 2D precursor onto a prestrained substrate and stewing
(12 h, 23 °C) the system activated the formation of strong bonds
between the patterned 2D precursor and the surface of the silicone
substrate. Partially releasing this prestrain (two-stage encapsulation)
or fully releasing this prestrain (one-stage encapsulation) followed by
casting a uniform layer of an ultralow-modulus elastomer (Silbione
4717A/B, Bluestar Silicones, France) encapsulated the entire system
while preserving freedom of motion of the helical coils upon application
of strain.

Experiment—Fabrication of the Encapsulated 2D Serpentine and 2D
Fractal Inspired Interconnects: Most of the processes are similar to those
described in the previous section. In the preparation of 2D serpentine
(and 2D fractal-inspired) structures, transfer printing the 2D precursor
onto a load-free substrate formed the interconnects for encapsulation.
Prestretching the substrate (two-stage encapsulation) or keeping the
zero strain state (one-stage encapsulation) followed by casting a uniform
layer of an ultralow-modulus elastomer (Silbione 4717A/B) completed
the encapsulation.

Experiment—Circuit Design and Test of the Soft LED System: In the
circuit consisting of 3D helical coils, resonant inductive coupling using
a network of unshielded 3D helical coil served as the basis for a wireless
power receiver. A parallel capacitor (180 pF) defined a resonance at
13.56 MHz, as measured using an RF Impedance Analyzer (4291A,
Hewlett Packard). The transmitter consisted of a circular wire wound
coil with a radius of 43 mm, matched at 13.56 MHz, powered with an
amplifier module (WSPAS-11000, Wattsine, China). With this system,
the circuit is capable of operating the system to light the LED. In the
circuit constructed with an array of 2D fractal interconnects, the DC
power (15V, 610E, TREK, USA) supply is directly exploited.

Experiment—Cyclic ~ Stretching Test of the 3D Helical and 2D
Serpentine Interconnects: A customized biaxial mechanical stretcher
allowed precise control of strain applied to the substrate. A low strain
rate (1000 cycles, 50 mm min~') was used in the cyclic stretching
tests. Four sets of experiments were performed for the 3D helical
interconnects and 2D serpentine interconnects formed with the
one-stage and two-stage encapsulating processes, respectively. The
resistances in these interconnects were measured before and after
the cyclic stretching test.

Finite Element Analysis: 3D finite element analysis allowed prediction
of the mechanical deformations and the Mises stress distributions of the
individual 2D serpentine, 2D fractal interconnects, and 3D coils, as well
as the network designs. Four-node shell elements with a three-layer (Pl/
metal/Pl) composite modeled the 2D and 3D interconnects, and eight-
node solid elements modeled the encapsulation and substrate. Refined
meshes ensured the computational accuracy using commercial software
(ABAQUS). To evaluate the stretchability in the encapsulated condition,
the 3D and 2D interconnects are embedded in the encapsulation
material and tied onto the substrate by predefined constraints. The
elastic stretchability corresponds to the point at which the metal layer
exceeds the yield strength (=200 MPa for Au) across one quarter of the
width of any section of the interconnect, and this criterion is supported
by previous experimental studies.’% A hyperelastic constitutive
relation, i.e., the Mooney-Rivlin law, captured the properties of the
elastomeric encapsulation (Eencapsulation = 3 kPa and Vencapsulation = 0.49)
and substrate material (Egupsirate = 20 kPa and Vgypgirare = 0.49). The
relevant material parameters are (C;o = 0.40 kPa, Cp; = 0.10 kPa,
D, = 0.04 kPa™') for the encapsulation and (C;, = 2.68 kPa,
Cg1 =0.67 kPa, D; = 0.006 kPa™) for the substrate in ABAQUS. The other
material parameters used are: Ep = 2.5 GPa, vp = 0.27 for polyimide;
and Ep, = 79 GPa, vy, = 0.27 for gold. Here, E is elastic modulus and v
is Poisson’s ratio.

Electromagnetic Simulation: The finite element method was used in the
electromagnetic simulations to get the return loss parameter (S11) of the
3D soft antenna. The simulations were performed using the commercial
software Ansys HFSS (Ansys HFSS 13 User’s guide, Ansys Inc. 2011), where
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the lumped port was used, and the port impedance was set according to
the matched capacitor (180 pF). The adaptive mesh (tetrahedron elements)
together with a spherical surface (2000 mm in radius) as the radiation
boundary was adopted to ensure computational accuracy. The material
parameters include the relative permittivity (g), relative permeability (u,),
and conductivity (0) of Au, Pl, Ecoflex, and Silbione, i.e., & (Au) =1, i, (Au)
=0.99996, and o(Au) = 4.1 x 107 S/m; &(Pl) = 3.5, ,(Pl) = 1, and op, =
0 S/m; & (Ecoflex) = 2.8, u, (Ecoflex) = 1, and o(Ecoflex) = 0 S/m; and
& (Silbione) = 4.4, u,(Silbione) =1, and o(Silbione) =0 S/m.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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