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ABSTRACT: In order to realize a transition from conventional to stretchable
electronics, it is necessary to make a universal stretchable circuit board in which
passive/active components can be robustly integrated. We developed a stretchable
printed circuit board (s-PCB) platform that enables easy and reliable integration of
various electronic components by utilizing a modulus-gradient polymeric substrate,
liquid metal amalgam (LMA) circuit traces, and Ag nanowire (AgNW) contact pads.
Due to the LMA−AgNW biphasic structure of interconnection, the LMA is
hermetically sealed by a homogeneous interface, realizing complete leak-free
characteristics. Furthermore, integration reliability is successfully achieved by local
strain control of the stretchable substrate with a selective glass fiber reinforcement
(GFR). A strain localization derived by GFR makes almost 50,000% of strain difference
within the board, and the amount of deformation applied to the constituent elements
can be engineered. We finally demonstrated that the proposed integrated platform can
be utilized as a universal s-PCB capable of integrating rigid/conventional electronic components and soft material-based functional
elements with negligible signal distortion under various mechanical deformations.

KEYWORDS: stretchable electronics, printed circuit board, liquid metal, silver nanowire, modulus gradient

■ INTRODUCTION

Stretchable electronics has received significant attention as a
promising alternative to conventional rigid electronics,
particularly for the next-generation human-friendly electronic
applications. As the interest and demand increase, a variety of
stretchable electronic devices have been developed by
implementing various unconventional electronic materials to
stretchable polymers.1−4 For the realization of stretchable
electronics, it is necessary to raise to the system level beyond
the single-device technologies. An electronic system in which
all components such as substrates, circuits, IC chips, and
passive/active elements are stretchable is considered the most
ideal form of stretchable electronics. However, due to the
limitations of the current technology, a reliable and all-
stretchable electronic system is practically impossible to
implement. A realistic form of the state-of-the-art stretchable
electronic system is the integration of the conventional
technology-based highly reliable functional components with
a stretchable platform composed of a stretchable substrate and
interconnections, namely, a stretchable integrated system. In
the last decade, these multi-functional stretchable integrated
systems have been actively introduced and widely utilized as
health monitoring systems, prosthetics, smart clothes, and soft
robotics.5−7

The paramount issue for these stretchable electronic systems
with rigid components integrated with a stretchable platform is

the mechanical and electrical reliabilities. Several approaches
have been reported to improve the reliability of the system
with prospects for development of the stretchable electronic
platform composed of (i) stretchable interconnections and (ii)
a stretchable substrate. One of the representative methods to
produce stretchable interconnections is implementing struc-
tural designs to stiff polymeric films such a serpentine or
kirigami structures to tolerate the applied strain.8,9 The
interconnections utilizing these structures showed a reliable
electrical performance under mechanical deformation due to
the structural stretchability of the stiff substrates and the
electrical reliability of the metallic material deposited on them.
However, this stretchable interconnection is based on the rigid
material and has potential for interfacial failure between
neighboring heterogeneous materials. In the electronic devices
using this approach, poor long-term reliability of the metal thin
film deposited on the stiff polymer such as polyimide (PI) and
the delamination problem of the PI from the elastomeric
substrate have frequently been addressed.10 It is attributed to
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the mismatch of mechanical properties between adjacent
materials, that is, soft−rigid interfaces. Utilization of liquid
metals (LMs) is another promising method to make
stretchable interconnections due to their intrinsic character-
istics of electrical reliability and high conductivity.11−14 For
instance, Jeong, et al. reported an LM-based stretchable
integrated system for wireless human motion monitoring.12

However, the conventional LM-based stretchable electronics
herein has a crucial problem, that is, the leakage of the liquid,
leading to a gradual degradation of the device performance and
eventually an electrical failure. The leakage commonly happens
at the junctions between adjacent materials having different
mechanical properties, that is, heterogeneous interfaces
between a soft polymeric substrate and a stiff electrode, due
to a deficient bonding strength to sustain stresses derived by
external deformations.
In the aspect of stretchable substrates, a typical method for

improving the reliability is the formation of stiff islands at
selective areas.15,16 When the substrate is composed of multi-
materials with different moduli in certain regions, the strains
applied to the stiffer islands become suppressed. The electrical
components integrated with the stiff regions undergo minimal
strain, leading to enhanced stability for device mounting.
Several research studies reported this strain-island approach for
a system-level integration including rigid resistors, capacitors,
ICs, and PI−metal-based interconnections.17−20 However,
with this approach, the structural stability of the substrate
itself can be weakened due to the local stress concentration at
the interfacial area under stretching conditions.21 It means that
a trade-off between the device mounting stability and the intra-
structural reliability of the substrate should be considered. In
order to maximize the device integration stability, the
difference in the mechanical properties between stiffened and
pristine materials of the substrate should be significant. On the
other hand, as the difference in the stiffness becomes larger, the
potential of the interfacial failure increases like the situation of
soft−rigid interfaces, resulting in poor intra-structural reli-
ability. These reliability issues of the stretchable electronic
platform originate from a heterogeneity of interfaces inherent
in the overall stretchable device and limit the utilization of
stretchable electronics in practical applications.

Here, to resolve the above-explained reliability issues of the
stretchable systems, we suggest a reliable and stretchable
electronic platform in the form of the printed circuit board
(PCB) based on Ag nanowire (AgNW)−LM amalgam (LMA)
interconnections and a modulus-gradient stretchable substrate.
In order to achieve improved reliability of the stretchable
integrated system, we minimized all possible heterogeneity at
the interfaces. First, in order to secure both intra-structural
stability and device mounting stability, a glass fiber reinforce-
ment (GFR)-based modulus-gradient structure was employed
in the stretchable substrate. Second, we realized a leak-free
characteristic of the LM using AgNW-embedded elastomer
composite structures as the interconnects between the LMA
traces and the AgNW contact pads, resulting in the LM being
hermetically sealed by a homogeneous matrix. Finally, we
successfully fabricated a stretchable PCB (s-PCB) and
demonstrated that both conventional rigid electronic compo-
nents and soft material-based functional elements can be
reliably integrated with the s-PCB with minimal signal
distortion under mechanical deformations.

■ RESULTS AND DISCUSSION
An overall schematic structure of the s-PCB that consists of the
LM-based circuit traces, AgNW contact pads, and elastomeric
stretchable substrates with GFR regions is illustrated in Figure
1a. Dragon Skin (DS), one of the soft elastomeric polymers,
was utilized as the substrate to provide high stretchability to s-
PCB. DS showed a relatively low level of hysteresis (∼6%) and
good linearity (R2 ∼ 0.99) under 100% strain, even though
more significant viscoelastic behavior could be observed under
a larger level of strains due to the nature of the material, as
plotted in Figure S1 (Supporting Information). As the circuit
traces of the s-PCB, LMA, which is a metal particle-
internalized Ga-based LM, was used for stable and stretchable
electrodes. The contact pads for robust and easy integration of
other functional electronic components were constructed by
AgNW networks, which lead to a highly conductive metallic
film. AgNW contact pads and LMA circuit traces are partially
overlapped to make an electrical connection between them. As
shown in the multi-layer view of Figure 1b, all the elements of
the s-PCB are positioned and aligned at designated areas to

Figure 1. Structure of the s-PCB. (a) Schematic structure of the s-PCB that is composed of AgNW contact pads, LMA circuit traces, and the
stretchable substrate with glass fiber-reinforced regions. (b) Multi-layer view of the s-PCB with properly positioned elements, leading to a
synergistic effect of micro-/nanofunctional materials and polymer composites. (c) Unit structure of the s-PCB including two strategies for reliability
enhancement: (i) local strain control and (ii) leak-free encapsulation of the LMA.
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obtain a synergistic effect of the micro-/nanofunctional
materials and polymeric composites. A cross-section schematic
of the simplified unit structure with properly organized
elements of the s-PCB is illustrated in Figure S2. The via
structures in the mid-layer provide a high device integration
density to the s-PCB like a conventional PCB. The synergy of
these individual elements realizes the electrical/mechanical
reliability of s-PCB that enables one to reliably integrate
various electronic components with a universal stretchable
platform.
In Figure 1c, two strategies for securing the reliability of s-

PCB are explained as (i) the modulus-gradient substrate for
local strain control and (ii) the AgNW−LMA biphasic
interconnection for realizing no leakage of LM. Selective
areas of the stretchable substrate were mechanically reinforced
by a method of GFR to locally control the strain and stress
within the s-PCB. It leads to an improved stability by
repressing the strains applied to relatively vulnerable elements
of s-PCB such as AgNW contact pads and via structures. For
the reliable mounting of electronic components, integration
slots of the s-PCB are also reinforced because minimal
deformations should be applied to the integrated components.
Although the larger strain is correspondingly applied at the
circuit traces that are positioned in the substrate without GFR,
a strain insensitivity of the LMA can maintain a high

conductivity required for the circuit traces. Furthermore, due
to an embedded structure of AgNW percolation networks in
DS at the interconnection between LMA traces and AgNW
pads, the LMA can be hermetically sealed by the homogeneous
DS matrix of the substrate and the leakage problem of the LM
can be prevented.
A concept of the glass fiber-reinforced polymer (GFRP) that

was utilized for the modulus-gradient stretchable substrate of
the s-PCB is described in Figure 2a. Among several methods
for modification of mechanical properties of the elastomeric
polymer,22−24 the method of GFRP is the one of the most
facile approaches. This strategy has another important
advantage of forming a reliable interface between matrices
having distinct mechanical properties. Generally, an interface
of two different materials (i.e., heterogeneous interface) is
structurally unstable since a mismatch of mechanical properties
causes dramatic changes of stresses under deformation.21 A
harsh deformation would result in a structural failure or
delamination due to adhesion-based low bonding strength
between the heterogeneous materials. On the other hand, the
interface formed by the method of GFRP is homogeneous and
the bonding strength is much larger than that of heterogeneous
interfaces, resulting in lowering a possibility of the interfacial
failure.

Figure 2. Characterization of the modulus-gradient stretchable substrate. (a) Schematic illustration showing the concept of the GFRP having
homogeneous interfaces between the matrices with different elastic moduli. (b) Stress−strain curves of various polymeric composites with varied
ratios of the added μGFs. (c) Graphical results of DIC analysis of the stretchable substrates with and without reinforcement. (d) Quantitative
analysis of the DIC of the modulus-gradient substrate, showing the distribution of the strain without sharp changes at the interfaces. (e) Mounting
stability of the modulus-gradient substrate, showing that the polymeric film attached to the reinforced region still adheres to the substrate, even
when 100% strain was applied.
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In Figure 2b, stress−strain curves of the GFRP composites
with varied fractions of the added micro-glass fiber (μGF) into
polydimethylsiloxane (PDMS) are plotted. The weight percent
of μGF versus PDMS was changed, while other process
conditions for the preparation of the glass fiber-reinforced
PDMS (GFR−PDMS) composite were fixed (details are
provided in the Experimental Section). As shown in the
stress−strain plot, the mechanical properties of the composite
are tuned by the addition of μGFs in terms of elastic modulus
and stretchability. When the μGFs are mixed to PDMS with a
weight ratio of μGF/PDMS = 1.5:1, the elastic modulus at
10% strain of the composite is 38.5 MPa. When compared with
the pristine DS, which is softer than PDMS, the difference of
the elastic modulus reaches about 400 times. Although the
stretchability of the GFR−PDMS composite with a mixing
ratio of 1.5:1 decreased with a failure strain of 16%, the local
strain applied to the reinforced composite is substantially lower
than the global strain within the entire modulus-gradient
structure.
In order to estimate the strain distribution within the

modulus-gradient stretchable substrate, a finite element
method-based numerical simulation was conducted as
presented in Figure S3. The material properties of the
GFR−PDMS domain for the simulation were obtained from
the fitting results of the uniaxial tensile test. Among the several
hyperelastic solid models, the Mooney−Rivlin model with five
parameters was the most closely fitted as shown in Figure S4,
and we extracted material parameters from the results. The
result of the simulation indicates that the strain profiles of the
reinforced and pristine areas are obviously different with strain
minimization and concentration, respectively. As the difference
of the elastic moduli between the reinforced and pristine areas
increased, the strain localization effect became more
significant.
It should be proved that the deformation tendency predicted

by the numerical simulation is realized in real fabricated
samples. A simplified modulus-gradient structure was fab-
ricated by patterning the GFR−PDMS composite with a
square shape and covering this with a pristine DS thin film as
explained in Figure S5. The GFR−PDMS was formed by
several steps of thermal curing for the gradient concentration
of the μGF including partial solidification, reflowing, and full
curing as depicted in Figure S6. The microscopy images of the
fabricated substrate showed not only a dome-like shape of the
GFR−PDMS domain but also a μGF density gradient along
lateral and vertical directions, realizing the gradient modulus
within the substrate as shown in Figure S7. For acquiring
actual values of local strains applied to the modulus-gradient
stretchable substrate, digital image correlation (DIC) analysis
was used as shown in Figure 2c,d. As expected, the strain
distribution was apparently modified by partially introducing
the reinforced composite matrices and the tendency of
deformation was similar to the results of the simulation. In
the reinforced area, a local strain of only 0.2% was measured,
while a global strain of 50% was applied to the whole structure.
At the same time, the strain-concentrated region (i.e., non-
reinforced region with pristine DS only) experienced almost
doubled values of local strain with respect to the global strain.
Remarkably, the disparity of the local strains observed by both
simulation and DIC was ∼50,000% within the substrate, that
is, the actual values of minimum and maximum strains are
0.211 and 102.7% in the simulation and similarly 0.201 and
100.5% in the DIC, respectively. Furthermore, the interfaces

between two different matrices with and without μGFs showed
a gradual transition, not a sharp change, of the local strain.
Comparison in terms of structural failure and the strain profile
of the μGF-incorporated stretchable substrates with different
GFR−PDMS structures is depicted in Figure S8. In the case
without the gradient structure of GFR−PDMS, the reinforced
domain was delaminated at 260%, which was much lower level
than the material failure strain, and the sharp profiles at the
interfaces were shown. However, the modulus-gradient
substrate showed a structural fracture at 490% strain and
smoothly changed strain profiles. This gradient strain profile
enhanced structural stability by preventing an easy interfacial
failure that originated from a dramatic change of mechanical
properties. Note that the smooth profile of strains can be
realized by a facile one-step screen printing process, while
conventional rigid island approaches for strain localization
require multiple steps of fabrication processes.25−27 Consider-
ing these results, it is confirmed that the strain profile of the
stretchable substrate having a partially introduced GFRP
composite is locally controllable and the amount of the
restrained and concentrated strains is dependent on the
fraction of the incorporated μGFs.
When a complex deformation such as an omnidirectional

strain is applied to the modulus-gradient substrate, similar
aspects are observed as shown in Figure S9. The substrate with
2-D arrayed patterns of the reinforced composite was stretched
omnidirectionally and analyzed using DIC and a numerical
simulation. According to the results of DIC analysis, the local
principal strains at the reinforced and pristine regions of the
sample were ∼0.003 and 2.8 times of the global omnidirec-
tional strain, respectively. This strain-suppressed tendency was
well matched to the results of the numerical simulation that
was conducted by 3-D modeling having hyperelastic material
properties of the tested sample. It implies that the modulus-
gradient structure is able to retain its characteristics of local
strain control under complicated stretching conditions.
The locally suppressed strain of the stretchable substrate

leads to an integration reliability. In Figure 2e, identical
polymeric films were attached on two different stretchable
substrates, one with modulus-gradient structures (upper) and
another without them (lower). The polymeric film mounted
on the pristine stretchable substrate started to delaminate from
the substrate under a global strain of 50%. However, the
polymeric film attached to the reinforced area of the modulus-
gradient substrate was well bonded even at a global strain of
100% since the actually applied local strain is only about 0.4%.
Due to the locally reinforced substrate having an intermediate
value of Young’s modulus (∼40 MPa), the polymeric film
mounted on this region was not detached, even though the
mechanical mismatch between the film and mother substrate is
huge with Young’s moduli of 2.5 GPa and 100 kPa,
respectively (Supporting Information Video 1).
LM, which is one of the representative materials for

stretchable electrical interconnections, was implemented as a
highly conductive and stretchable circuit trace of the s-PCB.
However, general Ga-based LM retains several obstacles for
practical uses in stretchable electronics. First, poor wettability
of the LM, especially to the elastomeric polymer substrate,
inhibits a facile utilization as conductive elements of electronic
devices and impedes the degree of freedom of the fabrication
process. The wetting property of the LM originates from its
high surface tension so that plasma treatment28 or additional
layers for promoting adhesion have been required to reliably
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utilize the LM for stretchable platforms.29−31 As an alternative
simple approach to improve the wettability and processability
of LM, we internalized metallic particles into the LM, resulting
in a solid−liquid transitional material, so-called LMA.32 Tang
et al. reported the research about the transitional-state metallic
mixture of Ga-based LM with Cu particles. Ga becomes
electrochemically reactive in an acidic or alkaline medium,
forming Ga(OH)3 or Ga2O3, respectively, owing to its low
reduction potential. Thus, the Ga-based LM spontaneously
interacts with the metal ions such as Fe3+, Ni2+, and Cu2+ in
solution. Here, Cu particles were impregnated to Galinstan and
the CuGa2 intermetallic compound was formed at the Ga−Cu
interfaces by a redox reaction.33,34 Due to their semi-solid
state, a bridging phenomenon of LM through the internalized
particles is revealed. It leads to the suppression of the nature of
LM to be gathered and to the enlargement of the surface area
to be contacted to the target substrate. It means that the
adhesion characteristics of the LM, such as wettability, are
improved as illustrated in Figure 3a. Moreover, the LMA is

well wetted to the AgNW film, which is essential to make sure
a reliable electrical connection from the LMA circuit traces to
the AgNW contact pads of the s-PCB.
Characterization of the LMA was conducted to verify the

process compatibility in the fabrication of the s-PCB. A series
of procedures, including a reduction of surface oxide layers
surrounding Cu particles and Galinstan and the production of
Cu−Ga chemical compounds, were proceeded as presented in
Figure 3b. As a result of this process, LMA with a transitional
state between the liquid and solid was produced. It was
observed that higher solidity of the LMA was obtained by
internalizing more Cu particles. Scanning electron microscopy
(SEM) images in Figure 3c show the distinct microscopic
morphology of the LMA with respect to the weight percentage
of the added Cu particles. The inclusion of the Cu particles

enhanced the wetting property of the LM due to the effects of
the enlarged contact area and a bridging phenomenon.32

However, when the fraction of Cu was over a certain value,
herein, 15 wt %, Cu-rich regions, wherein solid-like properties
prevail, were widely observed, leading to restraining the
wetting of the LMA. Consequently, the LMA having 10 wt %
Cu particles was selected for the circuit traces of the s-PCB by
considering the conductivity, strain insensitivity, reliability, and
processability.
The second consideration for practical uses of LM in

stretchable electronics is the leakage causing a gradual
degradation of the device performance and an electrical failure.
In Figure 4a, a schematic structure to inhibit the leakage of the
LM is proposed. The strategy for realizing leak-free character-
istics is to make the LMA circuit trace sealed by a
homogeneous elastomeric matrix. Although the LMA was
entirely encapsulated, an electrical extension to form the
interconnection was fulfilled by AgNW percolation networks
embedded in the elastomeric substrate. As an element of the s-
PCB, the AgNW network connecting with LMA can be utilized
as the contact pads for the integration of other devices and
components.
The SEM images of the proposed AgNW−LMA inter-

connection structure are shown in Figure 4b. Note that the
interconnection formed by overlapping AgNWs and LMA was
entirely covered by the homogeneous matrix of DS as shown in
the yellow-dashed part and an electrical pathway was extended
through the AgNW with the form of the percolation networks
as observed in the inset image of the blue-dotted box. The
microinspection of the AgNW−LMA interconnection struc-
ture proved that the LMA circuit trace is hermetically sealed
for the prevention of leakage, maintaining the electrical
connection with the AgNW contact pad at the same time.
For further investigation of the leak-free characteristic of the
AgNW−LMA interconnection, it was compared to the case of
using Cu tape instead of AgNW networks. Supporting
Information Video 2 shows that the LMA interconnected
with the Cu tape is leaked by intensively applied pressure
through the heterogeneous interfaces between Cu tape and the
DS substrate, while the LMA with the AgNW interconnection
is not leaked at all under a similar amount of pressing force as
shown in Figure S10.
The electrical reliability of the AgNW−LMA interconnec-

tion and the effect of the modulus-gradient structure were
verified using a uniaxial stretching test as presented in Figure
4c,d. A schematic configuration for the test is depicted in
Figure S11a (details of fabrication processes are explained in
the Experiment Section). In the case without any modulus
reinforcement of the substrate, that is, pristine DS substrate,
the ΔR/R0 values of the interconnection dramatically increased
by ∼40 times under a strain of 50%. Although the AgNW has
strain-sensitive characteristics, the sensitivity can be tuned by
controlling the local strain applied at the AgNW-patterned
area. When a modulus-reinforced composite matrix was
formed underneath the AgNW networks, the local strain
applied to AgNW could be restrained and its resistance change
could be minimized. The strain insensitivity of AgNW is
dependent on the density of μGFs embedded in the reinforced
composite. As the weight fraction of the μGF with respect to
PDMS increased from 0.5 to 1.5, ΔR/R0 of the AgNW pad was
dramatically reduced from 12.7 to 0.27. For actual uses of the
AgNW−LMA interconnection as the elements of the s-PCB,
the absolute resistance value should also be considered. In

Figure 3. Preparation of LMA. (a) Schematic illustration for the
comparison of wettability between the LM and LMA. (b) Photo-
graphic images showing procedures for preparation of the LMA. (c)
SEM images showing different microscopic morphologies of LMA,
whose solidity increases with a portion of Cu particles.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c16177
ACS Appl. Mater. Interfaces 2022, 14, 1826−1837

1830

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c16177/suppl_file/am1c16177_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c16177/suppl_file/am1c16177_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c16177/suppl_file/am1c16177_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c16177/suppl_file/am1c16177_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16177?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16177?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16177?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16177?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c16177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 4d, the absolute resistance of the interconnection was
measured as a 10 Ω level and its increment under 50% strain
was only a few ohms when the GFR−PDMS composites
existed as the support. It means that the AgNW−LMA
bimaterial structure is suitable and reliable as the electrical

elements of the s-PCB from circuit traces to contact pads when
conjugating with the modulus-gradient stretchable substrate.
In Figure 5a, a schematic structure of the s-PCB prototype,

which is the fabricated by processes explained in Figure S12, is
illustrated (details of the fabrication process are explained in

Figure 4. Characterization of the AgNW−LMA interconnect. (a) Schematic illustration of a structure for a leak-free characteristic of LMA derived
from a homogeneous sealing of the LMA using the embedded structure of AgNW networks. (b) SEM images of the proposed AgNW−LMA
interconnect structure, proving that the LMA is hermetically encapsulated and makes a contact with the AgNW networks due to their embedded
structure. Strain-induced changes of the (c) normalized and (d) absolute resistances of the AgNW networks with respect to the fraction of the
μGFs included in the mechanically reinforced substrate.

Figure 5. Fabrication and characterization of s-PCB. (a) Schematic illustration of the s-PCB prototype. (b) Photographic images of the fabricated s-
PCB under various deformations (scale bar: 10 mm). (c) Results of a numerical simulation with a 3-D model of the s-PCB. A clear distinction
between the strain-concentrated and suppressed areas due to the selective GFR within the substrate is observed. (d) Long-term reliability test of the
unit structure of the s-PCB. The s-PCB was stretched with a strain rate of 0.1 s−1 during the repeated cyclic tests.
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the Experimental Section). The overall fabrication processes
could be divided by the formations of the bottom, top, and
intermediate layers of the s-PCB as described in the schematic
of Figure 1b. Electrically vulnerable parts such as the via
structures and the AgNW−LMA interconnections were
arranged onto the GFR−PDMS patterns, while the robust
and deformation-insensitive LMA circuit traces were formed in
the locations irrespective of the reinforcement of the substrate.
The photographic images of the fabricated s-PCB under
different deformation conditions are presented in Figure 5b.
The s-PCB was reliably deformed under stretching, bending,
folding, and rolling without any structural failure or
delamination of heterogeneous interfaces. Notably, no leakage
of the LMA was observed, even though harsh deformation
occurred at the s-PCB.
Before practical uses of the s-PCB prototype, further

numerical simulation was conducted with conditions depicted
in Figure S13 to check a strain distribution on the s-PCB with
the multi-layer configurations. It was assumed that the
mechanical properties of the AgNW embedded-elastomer
(i.e., contact pads) were the same as those of the substrate and
the LMA was replaced with air considering incompressible
characteristics of the liquid. As graphical and quantitative
results in Figure 5c, the strain distribution within the s-PCB
can be tuned by the selective reinforcement of the substrate.
When checking the strain profile along the white-dotted line
(A−A′) in the schematic, the integration slots and the via holes
positioned upon the GFR−PDMS underwent relatively small
amounts of strains with minimum values of 0.2% under a
global strain of 10%, while larger strains were observed at the

substrate without mechanical reinforcement. Although elec-
trical elements of the s-PCB (i.e., LMA and AgNW) have
different sensitivities under deformations, it is proved by the
simulation that the local strain-controllable substrate and a
systematic organization of the elements can attribute to an
improvement of the reliability of the integrated stretchable
platform.
In Figure 5d, the long-term reliability of the structure of the

s-PCB is investigated. The configuration of the tested structure
is shown in Figure S11b. The Ag epoxy that was used for a
conductive adhesive to integrate other devices was applied to
the AgNW contact pads. We could also check the stability of
the “device-to-contact pad” interconnections, considering that
the applied Ag epoxy is a fragile low-resistance material. The
initial resistance of the tested structure showed ∼10 Ω,
confirming an electrical connection between the top and
bottom circuit traces through the via holes. During 10,000
times loading and unloading cycles with a strain of 50%, the
amplitude of responses maintained with only a 1.6% drift of the
base resistance. The strain-induced change of the resistance
was ∼2.5 Ω, which was an acceptable value when considering
the initial resistance and sensitivity of the devices to be
integrated.
Integration performances of the s-PCB as a stretchable

electronic platform were investigated. First, rigid commercial
devices such as a surface mountable light-emitting diode
(LED) and a chip thermistor were mounted onto the s-PCB
and their performances were evaluated after integration. The
integrated LEDs were stably brightened maintaining an
intensity of the light, even though harsh deformations were

Figure 6. Integration performance of s-PCB. (a) Photographic images showing that the light intensity of the integrated LED is maintained under
various harsh deformations. (b) Responses of the integrated chip thermistor, which are only dependent on the heat regardless of dynamic strain
profiles. (c) Normalized resistance of the integrated CNT-based soft pressure sensor under varying strain conditions. (d) Pressure-sensitive and
strain-insensitive responses of the integrated soft sensors under stretched states of the s-PCB. All the scale bars in the photographic images are 10
mm.
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applied to the s-PCB like stretching, pinching, and crushing as
shown in Figure 6a. No leakage of the LMA was observed
while handling and applying external forces. In Figure 6b, a
chip thermistor was mounted on the s-PCB and multiple
stimuli (i.e., strains and heats) were applied at the same time.
While the s-PCB was stretched with arbitrary strain profiles,
the integrated negative temperature efficient (NTC) thermis-
tor retained its thermal-responsive characteristics, showing a
resistance drop only by the heating regardless of the
deformation of the s-PCB. This result proves that the
integrated devices provide their designated functions stably
without signal disturbances under stretching of the integrated
platform.
The performance of the s-PCB in the case of integrating soft

material-based functional devices was also examined. The used
device was a carbon nanotube (CNT)-based soft pressure
sensor with microporous structures, which was reported
previously.35 The pressure sensor consists of a microporous
elastomeric template and CNTs coated on its surfaces and
internally located pores. As the pores are closed by pressure,
the CNTs make more electrical paths and the electrical
resistances become decreased. Due to the porous structures,
the sensor showed improved sensitivity, hysteresis, and long-
term stability compared to the CNT-coated bulk elastomer
without any pores. The base resistance of the soft pressure
sensor was well persevered at the initial value after integration
with the s-PCB. In the stretching situation of the s-PCB, a
normalized resistance was slightly changed with a maximum
value of 1.5% under varied strains ranging from 0 to 50%
despite the fact that the integrated sensor was made from ultra-
soft materials and structures, as shown in Figure 6c. It was
attributed to the strain suppression of the integration region,
resulting in a negligible strain applied to the soft pressure
sensor. Furthermore, pressure-sensitive and strain-insensitive
responses of the integrated sensor are investigated in Figure
6d. The soft pressure sensor mounted on the integration slot of
the s-PCB was pressed by an insulator tip installed on a
universal tensile/compressive testing instrument. The inte-
grated platform had different statuses with strains of 0, 30, and

50% when the pressing procedure was conducted. All the
pressure-sensitive responses of the sensor showed a similar
tendency regardless of the amount of the strains applied to the
s-PCB. It is remarkable that not only the conventional rigid
components but also the soft material-based functional devices
are reliably integrated without a signal distortion that can be
derived by the unwanted mechanical stimuli owing to the
reliable structure of the electrical elements (i.e., AgNW-LMA
interconnect) and strain-localization characteristics of the
substrate of the s-PCB.
It is necessary to realize the multi-functionalities of the

integrated system beyond the reliable operation of a single
component. In Figure 7, multi-functionalities based on multi-
devices integrated with the s-PCB were realized. Four CNT-
based soft pressure sensors and two commercial LEDs were
mounted on the s-PCB and operated their functions. The
integrated sensors provided pressure-sensitive characteristics,
even though various deformations such as stretching, twisting,
crushing, and folding were applied to the entire stretchable
system as shown in Figure 7a (Supporting Information Video
3). At the early stage of the experiment around 0 to 5 s, all the
sensors did not respond while the integrated platform was
stretched by a strain of ∼70%. After that, sequential inputs of
pressure were applied to the sensors, and their responses were
clearly confirmed without signal interference between adjacent
components. Then, various deformations were applied to the
platform, and the sensors showed negligible changes in signals.
In Figure 7b, photographic images showed multi-devices
integrated with the s-PCB under different deformations. Two
LEDs were reliably brightened, and four pressure sensors were
stably mounted without delamination or detachment despite
harsh deformations occurring at the integrated platforms.
As a wearable application of the integrated s-PCB, we

demonstrated a wearable user interface device that could
remote-control a model car using the Arduino and Bluetooth
module with a circuit diagram shown in Figure 7c. We
designated that each CNT-based pressure sensor made four
different driving modes of the model car and LEDs turned on
during movement of the car as shown in Figure 7d (Supporting

Figure 7. Multi-functionality implemented with the s-PCB. (a) Responses of four CNT-based soft pressure sensors integrated with the s-PCB
under the sequential mechanical stimulus. (b) Soft and rigid multi-devices showing high integration reliability without any mechanical/electrical
failure under harsh deformations occurring in the integrated stretchable platform. (c) Circuit diagram for operating an RC model car using an
integrated system realized by multi-components mounted on the s-PCB. (d) Demonstration of the RC car control using a multiple pressure sensor
array on the s-PCB.
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Information Video 4). Mimicking the keyboard’s arrow keys,
pressing the sensor positioned at the upper central region of
the integration area (i.e., dotted-box area) made the model car
move forward and the green LED turn on. In the same notion,
when the sensors formed on the right and left positions were
pressed, the model car turned right and left, respectively. In the
case of pressing the lower-center sensor, the car moved
backward and the red LED turned on simultaneously.

■ CONCLUSIONS

In summary, we developed a reliable and stretchable printed
circuit board composed of AgNW contact pads, LMA circuit
traces, and a selectively reinforced DS stretchable substrate.
Reliability, which is of paramount importance in stretchable
electronics, could be achieved by the control of local strains
applied to the substrate and the prevention of the leakage of
the LM. The elastic modulus of the substrate was partially
modified by the method of GFR, leading to a suppression of
the strains applied at vulnerable internal structures and
integration slots of the s-PCB. For the leak-free characteristics,
the LMA for the circuit traces was hermetically encapsulated
by the DS matrix with homogeneous interfaces, forming
seamless interconnections with the embedded AgNW structure
for an electrical connection to the AgNW contact pads. The
systematic arrangement of these elements of the s-PCB enables
both the intra-structural stability and the mounting stability of
the integrated devices. The s-PCB successfully integrated not
only rigid but also soft electronic devices without signal
distortions under various external stimuli. Finally, it was
demonstrated that the wearable electronic system imple-
mented by the multiple component-integrated s-PCB could be
utilized for the control of a remote-controllable (RC) model
car. We believe that the s-PCB can be a breakthrough for the
transition from rigid to stretchable electronics by serving as a
universal electronic board for easy and reliable integration of
various electronic devices.

■ EXPERIMENTAL SECTION
Preparation and Characterization of the GFRP Composite.

In order to prepare the glass GFRP composite, μGFs and PDMS were
blended using a planetary mixer (ARE-310, Thinky Inc., USA). The
GFs (MF300, Fiber Man Co., Korea) having average values of 300
μm of length and 13.5 μm of diameter were incorporated in the
liquid-state uncured PDMS (Sylgard 184, Dow Corning Co., USA)
including a curing agent with a ratio of 1:5. The mixed ratio of the
μGF was varied by the values of 0.5, 1, 1.5, and 2 with respect to the
weight of the PDMS precursor. The prepared elastomeric composite
was molded in a standard shape for the rubber tensile test (ASTM
D412) at 100 °C for 20 min to investigate its mechanical properties.
The characterization was conducted using a tensile tester (AGS-X
Series, Shimadzu Co., Japan). The acquired stress−strain curves were
fitted to suitable hyperelastic models using Abaqus to analyze and
extract parameters for the numerical simulation.
Fabrication of the Modulus-Gradient Stretchable Sub-

strate. GFR−PDMS was patterned by screen printing on a Si
wafer that was hydrophobic-treated for easy detachment of the
elastomer. A shadow mask for the patterning was prepared by a
programmed cutting of a polymeric sheet having a height of 300 μm
using a plotter (Cameo 4, Silhouette America Inc., USA). The spatial
resolution of GFR−PDMS is determined by a specification of the
machine, about 200 μm here. After forming 300 μm thick GFR−
PDMS patterns, the uncured liquid DS (Dragon Skin 10, Smooth On
Inc., USA) was deposited by spin-coating at 800 rpm for 30 s. GFR−
PDMS included a small portion of DS (a weight ratio of 1:25 to

PDMS) to enhance the bonding between GFR−PDMS and the DS
substrate.

Digital Image Correlation for Strain Mapping. For DIC
analysis, the specimen was patterned with a spray paint (Rust Oleum,
USA). Then, we obtained optical microscopy images of the specimen
before and after deformation using a digital camera (EOS 800D,
Canon, Japan) that was firmly mounted on tripods. The taken digital
images were processed using commercial DIC software (Aramis
Professional, Gom GmbH). For the image processing, a subset size of
160 pixels and a subset distance of 80 pixels were used to achieve a
high accuracy. The accuracy of the DIC was calculated as 0.05% (2 ×
displacement error/subset distance = 2 × 0.02 pixels/80 pixels).36,37

Preparation of LMA. Galinstan and Cu particles were used to
make the LMA utilized as the stretchable circuit traces. Cu particles
having an average diameter of 1 μm were put in a vial containing
Galinstan with different weight fractions of 1, 5, 10, and 15% versus
Galinstan. In order to break the interfacial barriers that originate from
the surface oxide layers and to merge the Cu particles and Galinstan,
hydrochloric acid (HCl) as a reducing agent was poured into the
container. The container is shaken for 12 h for internalization of the
Cu particles into the Galinstan. After the complete internalization,
evaluated by the color change from opaque to transparent, the HCl
solvent was removed and evaporated at 60 °C for 6 h in a vacuum
chamber.

Reliability Test of the s-PCB. In order to evaluate the reliability
of the elements of the s-PCB, the samples with different structure
configurations illustrated in Figure S11 were loaded on a program-
mable linear actuating stage and fixed by foam tapes. The samples
were stretched and released by the actuated stage. At the same time,
the electrical resistance of the sample was measured using a source
meter (2400, Keithley Instruments, USA) and the data were obtained
by Labview Software (National Instruments, USA).

Fabrication of the s-PCB Prototype. The whole fabrication
process is illustrated in Figure S12. The Si wafer was hydrophobic-
treated by the perfluoropolyether solution process for easy detach-
ment after the whole processes were done. First, the modulus-gradient
substrate was prepared by the same process explained above except
for a thickness and a GF fraction. For the prototype of the s-PCB, the
reinforced part consisted of μGF/PDMS = 2:1 (w/w) and had a
thickness of 500 μm. After partial curing of the spin-coated DS at
room temperature for 1 h, a 1 wt % AgNW solution with the isopropyl
alcohol solvent (Flexiowire 2020c, Flexio Co., Korea) was spray-
coated on the prepared substrate with a polyethylene terephthalate
mask for the formation of the contact pads. The critical dimensions of
the AgNW patterns can be determined by an electrical bridging
between adjacent patterns during the spraying process. The
hydrophobic-treated mask was put on the precured DS substrate to
make a strong adhesion and to minimize the gap between them. After
spray coating of the AgNWs, the mask was detached from the DS
substrate that was fully cured. The resolution of the patterns and the
spacings was ∼200 μm. The deposited AgNWs were annealed at 100
°C for 30 min. Then, the LMA trace patterns were formed with the
existence of partially overlapped regions with AgNWs. The polymeric
shadow mask for patterning LMA was prepared by the plotter, and the
LMA was deposited by brushing after aligning the mask on the
AgNW-patterned DS substrate. Then, the deposited LMA was screen-
printed using slide glass for the formation of the thin conductive
traces. After that, the DS was deposited again to form an intermediate
layer. The via holes and AgNW contact pads were not covered but
exposed in this process through a masked spin-coating process. After
the room-temperature curing of the DS, structuring of the top layer
including LMA traces, AgNW top pads, and the DS cover layer was
conducted by the same processes for the bottom layer. The cover DS
layer had integration slots for exposing the top AgNW contact pads.

Characterization of the Integration Performance. The LEDs
(LS-SF5050-UE3-C, Zhejiang Guyue Longshan Electronic Technol-
ogy Development Co., China) and negative temperature coefficient
(NTC) chip thermistors (TSM2A104J4102RZA, Thinking Elec-
tronics Industrial Co., China) were mounted on the integration slots
of the s-PCB using Ag epoxy (MG Chemicals Ltd., 8331S, Canada) as
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a conductive adhesive. The Ag epoxy was applied to each contact pad
of both the devices and s-PCB and sintered after mounting using a
convection oven at 60 °C for 20 min. The mounted LED was turned
on using a DC power supply (E3640A, Agilent Technologies Inc.,
USA). The mounted thermistors were electromechanically charac-
terized by the same method as the section for the structural reliability
test. Simultaneously, the thermistor mounted on the s-PCB was
heated by a heat gun, and the corresponding temperature was
measured using an infrared camera (FLIR ONE Pro, FLIR System
Inc., Korea). The strain profile generated by the linear stage was
programmed regardless of the heating pattern to check the decoupling
characteristic of the s-PCB.
Operation of the RC Model Car. The motion of the RC model

car was controlled by the wearable electronic system that was
implemented by the s-PCB integrating functional devices. The same
LEDs and CNT-based pressure sensors as used above were connected
to AgNW contact pads of the s-PCB using an Ag epoxy. For the data
acquisition and Bluetooth communication, two Arduino Uno boards
were utilized: one on the RC car and another connected to four
pressure sensors and two LEDs integrated with s-PCB. Each board
was connected to a Bluetooth module (HC-05, Tenco Technology,
USA). The module on the car was on the slave mode, and the other
was on the master mode, which enabled a remote control. Voltage-
divider circuits were utilized to measure the change in resistances of
four pressure sensors. A situation of pressing each sensor sent the
corresponding motion command to the RC car via Bluetooth
communication. Moreover, in order to check the responses of the
sensors and to verify the corresponding operation of the RC car, a red
LED was turned on for the backward motion command and a green
LED was on for other motions (forward, left turn, and right turn) of
the RC car. When the Arduino Uno on the car received the
command, it made two front wheels be driven by a motor system
(L9110s, Shenzhen iSmart Electronic Co., China). The combination
of directions of the two motors connected to each wheel allowed four
distinct motions: driving forward, backward, turning left, and turning
right. Arduino Uno on the car was powered with a 9 V battery, and
the motor system was powered by four AA batteries.
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