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1. Introduction
With the advancement of electronics, there is a growing need to effectively

combine rigid, flexible, and stretchable materials to build hybrid electronics.
However, the interfacial transition between rigid/flexible and stretchable
substrates presents considerable challenges, mainly due to differences in
elastic moduli, complicating their integration for practical usage. Here,

Stretchable electronics have received
significant attention owing to potential
widespread applications in electronic skins,
displays, and haptic devices.['7! These elec-
tronics, also known as hybrid electronics,

bioinspired omnidirectional interfacial-engineered flexible islands (BOIEFI)

are introduced for a robust transition from flexible to stretchable substrates.

These BOIEFIs enable the creation of highly stretchable and durable hybrid
substrates capable of withstanding diverse physical deformations such as
stretching, twisting, and even poking. Inspired by plant roots, BOIEFIs are
designed with primary and secondary root structures that provide flexible
mechanical interlocking between substrates with different elastic moduli.
Through experimental and computational methods, optimized BOIEFIs
exhibit significantly enhanced stretchability and improved fatigue life. To
demonstrate the broad applicability, light-emitting diodes (LEDs) are
integrated into BOIEFIs to establish a stretchable display. In addition, a

typically consist of rigid/flexible parts that
integrate conventional electronic compo-
nents and protect them from mechanical
stimuli, as well as stretchable parts that
accommodate mechanical deformation.®?!
Therefore, to realize reliable stretchable
electronics, it is essential to consider not
only the individual rigid or stretchable
substrates but also their interfacial re-
gions because differences in elastic moduli
between parts can lead to delamination
issues.

Several structural and material-based

human-machine interface device with soft pressure sensors and an LED array
is fabricated for the implementation of hybrid electronics. This approach
facilitates the harmonious integration of rigid, flexible, and stretchable
substrates, leading to the creation of soft, highly stretchable, and durable

hybrid electronics.
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approaches have been established to
address these interfacial modulus mis-
match problems.['5] Techniques such
as serpentine and kirigami designs uti-
lize flexible substrates like polyimide (PI)
or polyethylene terephthalate (PET), pat-
terning them to be stretchable through
structural modifications.['*%]  However,
these structure-based approaches exhibit low stretchability
(~50%) and demonstrate irreversible behavior under excessive
stretching. Another widely used approach is the material gradient
method,?*?I which creates a smooth modulus gradient from the
rigid part to the stretchable part using various materials or com-
posites. Despite its popularity, this integration still faces interfa-
cial failure and delamination problems under stretching because
fabricating a perfectly smooth modulus gradient with different
materials is highly challenging. A more recent approach,i*! the
interfacial engineering method, creates stretchable electronics by
combining stretchable and rigid substrates with a mechanical in-
terlocking effect (Table S1, Supporting Information). Although
this strategy shows great potential because it can reliably connect
rigid/flexible and stretchable parts, accommodating strains of up
to several hundred percent, it still faces challenges such as a lack
of mechanism analysis, nonuniform stress transitions, and lim-
ited electrically available areas. Therefore, it is crucial to under-
stand the mechanisms at the interface and optimize the inter-
facial regions to enable practical applications of hybrid electron-
ics that integrate rigid, flexible, and stretchable substrates. This
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Figure 1. Bioinspired omnidirectional interface-engineered flexible islands (BOIEFI) within stretchable substrate for hybrid electronics. a) Schematic
illustration of stretchable hybrid electronics with BOIEFI. b) Stress versus strain comparison for the rootless circle island (RCI) (gray curve) and BOIEFI
(red curve) embedded in Ecoflex under stretching. c) Schematic illustration of BOIEFI within stretchable substrate under physical deformation modes
such as strain, twisting, and poking d) Up: photographs of BOIEFI within stretchable substrate under omnidirectional 50% strain; Down: photographs

of BOIEFI within stretchable substrate under omnidirectional 200% strain.

understanding is key to advancing the fields of electronic skin,
displays, and haptic devices by integrating rigid and stretchable
sensors.[31-34

Here, we propose bioinspired omnidirectional interface-
engineered flexible islands (BOIEFI) for integrating rigid, flexi-
ble, and stretchable substrates, achieving high stretchability and
demonstrating outstanding performances under physical defor-
mations for hybrid electronics. Plants anchor themselves firmly
by gripping the soil with their roots. The roots spread widely and
deeply, providing support and stability to the plants. In addition,
the root structure also protects the rigid plant body from external
forces such as wind and erosion. Inspired by this structure and its
functions, we developed an interfacial engineering approach for
rigid/flexible-to-stretchable substrates by mimicking the primary
and secondary root structures of plants (Figure 1a). A compre-
hensive parametric analysis was performed on primary and sec-
ondary roots to analyze and optimize the BOIEFI design. The op-
timized BOIEFI exhibited a significant improvement in stretch-
ability, achieving up to 540% elongation under uniaxial tensile
testing, facilitated by its flexible mechanical locking mechanism.
This result highlights the system’s ability to accommodate high
strains along a single axis without failure. (Figure 1b; Figures S1
and S2, Supporting Information). Moreover, this mechanism ex-
tends the lifespan of the developed hybrid electronics platform
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under various physical deformations, including strain, poking,
and twisting (Figure 1c,d). The developed hybrid electronics plat-
form effectively integrates rigid, flexible, and stretchable sub-
strates. The successful integration of diverse substrates using
BOIEFI interfaces is demonstrated through a stretchable light-
emitting diodes (LEDs) array and a stretchable human-machine
interface device (s-HMI Device) with soft pressure sensors and
rigid LEDs. The s-HMI device provides remote control and vi-
sual directional information, functioning similarly to keyboard
directional inputs.

2. Results and Discussion

2.1. Design and Fabrication of the BOIEFI

Polyimide (PI) (Young’s modulus: 3.2 GPa),[??! which is widely
used as a material for flexible electronics, and Ecoflex (Young’s
modulus: 50 kPa),!*] which is known for its highly stretchable
properties, are used to create the flexible-to-stretchable interface
for BOIEFI. The design of the BOIEFI is inspired by the way
plants anchor themselves into the soil with their roots. Specifi-
cally, the primary and secondary roots of the plant anchoring sys-
tem are meticulously mimicked and integrated into the design
to create BOIEFI (Figure 2a). First, primary roots are positioned

© 2025 Wiley-VCH GmbH
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Figure 2. BOIEFI designs, parameter study, and results. a) Schematic illustration of the procedure for creating BOIEFI. b) Parameters of BOIEFI of
separated root design c) Parameters of BOIEFI of interdigitated root design: primary root length: L, secondary root length: L, gap between secondary
roots: Gg,, root width: W,. d) Schematic illustration of strain experiment test set-up for BOIEFI. e) Experimental results of the effect of primary roots
in the strain at failure for separated root design. f) Experimental results of the effect of the ratio of root width and spacing between roots (W,/Gq,) for
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separated root design. g) Experimental results of the effect of the ratio of secondary root length to circumference (L,,/C) for separated root design.

h) Experimental results of the effect of primary roots in the strain at failure for interdigitated root design. i) Experimental results of the effect of the ratio

of root width and spacing between roots (W,/G,,) for interdigitated root design. j) Experimental results of the effect of the ratio of secondary root length

to circumference (L,,/C) for interdigitated root design. Error bars indicate standard deviations (sample number = 3).
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in a circular 360° configuration of a circle to enhance the omni-
directional stress distribution effect. Second, secondary roots are
arranged perpendicular to the primary roots. The secondary root
system functions as a flexible mechanical interlocking mecha-
nism, preventing crack propagation by anchoring effectively into
the stretchable material. Two distinct root designs are proposed to
investigate their effects: a separated root design and an interdigi-
tated root design. The separated root design has a single primary
root with secondary roots branching out symmetrically on both
sides (Figure 2b). Conversely, in the interdigitated root design,
the secondary roots are arranged to interlock with each other in
an interdigitated design (Figure 2c).

The BOIEFI design incorporates both constant and variable
parameters to explore the effects of design parameters. The ra-
dius of the rootless circle island (R,;) and the length of the pri-
mary root (L) are fixed at 5 and 2 mm, respectively, as constant
parameters. The secondary root length (L), root width (W.), gap
between the secondary roots (G,), number of primary roots (N,,),
and number of secondary roots (N,) are strategically chosen as
variable parameters to optimize the BOIEFI design. Additionally,
the circumference of the BOIEFI design is denoted as the C value.
To achieve equal spacing and a balanced design for the parameter
study, Equations (1-5) can be formulated.

C=2xnmXRy (1)

C—-2X N, x W,
Lsr, separated ~ 2% N (2)
pr

C—-2XN,xW,
. . N _ (3)
sr, interdigitated ™
Ny

L

L Wl’ + GSI’) XNSI (4)

pr, separated — (
Lpr, interdigitated = (Wr + Gsr) X2 X Nsr (5)

The circumference can be calculated using Equation (1). The
length of separated secondary roots (L, separatea) Can be deter-
mined by Equation (2), while the length of interdigitated sec-
ondary r0ots (L, i erdigitatea) €211 De calculated using Equation (3).
Equations (4) and (5) define the formulation for the root width,
the gap between secondary roots, and the number of secondary
roots in the cases of separated and interdigitated secondary root
designs, respectively.

The BOIEFI specimens are fabricated using a UV laser-cutting
machine to precisely cut PI material. The detailed fabrication pro-
cedure is illustrated in Figure S3 (Supporting Information) and
elucidated in the Experimental Section. To define the interfacial
failure quantitatively, strain at failure is measured depending on
the root design (Figure 2d). The detailed test method is described
in the Experimental Section.

2.2. Parameter Study and Optimization of the BOIEFI

To investigate the separated and interdigitated root design cases
under similar parametric values and their effect on the strain
at failure value, the design parameters [N, L.,/C, and W, /G

pr’ sr]

Small 2025, 2410247

2410247 (4 of 13)

www.small-journal.com

were established. The relation between the length of the sec-
ondary root and the island’s circumference ratio was established
as the ratio of L, /C to investigate its effect on strain at fail-
ure. Also, the relation between the secondary root width and
spacing between roots was established as the ratio W, /G, to
investigate the optimal ratio for strain at failure value. The de-
sign code follows the format of (parameter abbreviation)(value).
For example, N, 36 denotes that the primary root number
is 36.

Prior to conducting the experiments, several initial assump-
tions were made to ensure a fair and efficient parameter study.
The L, /C and W, values for both separated and interdigitated
root designs were initially set to be equal to examine the im-
pact of secondary root design on strain at failure. By specifi-
cally establishing the L /C ratio and W,, the number of primary
roots (N,,) is determined by the given Equations (2-5), allow-
ing for the investigation of the effect of the primary root num-
ber for both separated and interdigitated root designs. Initially,
the root width was set to 100 pm to establish the design param-
eters. Considering the radius of the circle, and the consistent
L,,/C ratio for both the separated and interdigitated root designs,
the maximum values for N, were selected as 36 for the sepa-
rated root design and 62 for the interdigitated root design, re-
spectively (Equations 2 and 3). Then, experiments for N, were
conducted to investigate the strain at failure for primary roots
(Figure 2e-h).

First, the separate root design was systematically investigated
to evaluate its mechanical behavior and effect on stretchability.
With N, set to a maximum of 36, the strain at failure value was
investigated from N, 0 to N,,36. While the RCI showed a strain
at a failure value of 90%, N, 36 exhibited a strain at a failure
value of ~260% (Figure 2e). Here, an increase in the number of
primary roots also increased the strain at failure values, indicat-
ing that primary roots help to distribute stress in the flexible-to-
stretchable interface. Then, to investigate the effect of the width
of the secondary root on the strain at failure value, the widths
of the roots chosen for investigation were 70, 100, and 200 um
while the number of secondary roots (N,) was set to 5. Notably,
70 um represents the minimum achievable width in the fabri-
cation process. The G, value for each width is calculated using
Equation (4). While a root width of 100 pm showed the maxi-
mum strain at a failure value of 440%, a root width of 70 um
exhibited the lowest strain at a failure value of 265% (Figure S4,
Supporting Information). Here, note that the width of the roots
affects the failure mode of the flexible-to-stretchable interface.
Up to 100 um, the secondary roots exhibited a flexible mechan-
ical interlocking effect. Beyond 100 pm, however, the secondary
roots lost their flexibility and demonstrated a rigid mechanical
interlocking effect. This change in failure mode was observed
through experiments, as depicted in Figure S5 (Supporting Infor-
mation). Specifically, widths up to 100 um resulted in a peeling
failure mode for the flexible-to-stretchable interface. In contrast,
widths of 200 um, characterized by rigid mechanical interlock-
ing, led to fracture failure. Therefore, for further experiments,
the width of the secondary root was fixed at 100 um. When the
ratio of W, /G, was equal to 1, it showed the maximum strain at
a failure value of 465%, which was chosen as the constant value
for the further parameter experiments (Figure 2f). To optimize
the design parameters for BOIEFI, the secondary root length has

© 2025 Wiley-VCH GmbH
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shown significant importance as demonstrated by experiments
(Figure 2g). The previously established secondary root length,
calculated using Equation (2), was utilized for further investi-
gations. A longer secondary root length tended to decrease the
strain at failure value. Conversely, if the secondary root length
was smaller than a certain value (L,,/C = 0.026), it also led to a de-
crease in the strain at failure value. This suggests that there is an
optimal value (L, /C = 0.026) that enhances the gripping effect of
BOIEFIL. In summary, to optimize the separated root design, we
conducted an extensive parameter studyon N_, W, W, /G, and
L, /C.

Second, to compare both separated and interdigitated root de-
signs, the same optimization process used for the separated root
design was conducted for the interdigitated root design (Table
S2 and Figure S3, Supporting Information). To maintain simi-
lar design parameter values as the separated root design, the pri-
mary root number for the interdigitated root design was set to
N9, N, 17, N,,35, and N,,,62 which were calculated using Equa-
tion (3). For these N, values, the corresponding L, /C ratios were
selected to match the values used in the separated root design, en-
suring that the comparison between the two designs was based
on similar geometric conditions. This allows for a more direct
evaluation of how the interdigitated root design affects strain at
failure while keeping the L_, /C ratio consistent with the separated
design. As confirmed before, as the number of primary roots in
the design increases, the strain at failure value also increases. The
N, 62 design demonstrated the highest strain at a failure of 320%
(Figure 2h). The N, 62 design was then chosen to conduct W, /G,
parameter experiments. The G, value for each width is calcu-
lated using Equation (5) for interdigitated root design. When the
W, /G,, ratio reached 1, it showed the highest strain at a failure
value of ~#400% (Figure 2i). With W /G, equal to 1, this value
was set as constant for the L /C experiment. As a result, the
strain at failure values for L., /C values 0 0.012, 0.024, 0.054, and
0.08 were 403%, 456%, 430%, and 396%, respectively (Figure 2j).
We observed that, in the case of the interdigitated root design,
the strain at failure value increased up to 460% when the L, /C
value reached 0.024. However, beyond this point, the strain at fail-
ure value decreased. This indicates that an L. /C value of ~0.024
achieved the optimized result for stretchability in the interdigi-
tated root design case.

The same optimization process for separated and interdig-
itated root designs was conducted to identify the optimized
BOIEFI configuration. By systematically adjusting and compar-
ing key parameters, such as N, L, /C, and W, /G, for both de-
signs, the goal was to determine the most effective configuration
for maximizing strain at failure. A correlation study was con-
ducted since the W, /G, and L. /C values were similar in both
design cases. When the W,/G,, value reached 1, the separated
root design exhibited higher strain at the failure value (Figure S6,
Supporting Information). Conversely, when the L /C ratio was
0.08, the interdigitated design showed higher strain at the failure
value. However, when the ratio reached 0.026, the separated root
design showed the highest strain at failure value. Beyond the val-
ues 0f 0.024 and 0.026, both designs exhibited a decrease in strain
at failure value (Figure S7, Supporting Information). With the pa-
rameter and correlation studies, we can conclude that the sepa-
rated root design demonstrates extraordinary stretchability with
its optimized structure (N, = 18, W /G, = 1, L, /C = 0.026). This

pr?
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comparison allowed for a direct evaluation of how these geomet-
ric parameters influence the strain at failure in the separated and
interdigitated root designs. By maintaining consistent ratios be-
tween these critical parameters, the study provided insights into
how each design performs under similar conditions, enabling a
more accurate determination of the optimal structure for stretch-
ability. Additionally, the effect of varying modulus on strain at
failure was analyzed. Dragon Skin 10 demonstrated nearly twice
the stiffness of Ecoflex 0030. While the RCI structure exhib-
ited a strain at a failure of 46%, the BOIEFI structure achieved
a significantly higher strain at a failure of 240% (Figure S8,
Supporting Information). Across different stretchable substrates
with varying modulus, the BOIEFI structure demonstrated a re-
markable enhancement in stretchability compared to the RCI
system.

2.3. Mechanical Behavior of the BOIEFI

The optimized BOIEFI achieves high stretchability through its
primary and secondary root configuration. Primary roots effi-
ciently distribute stress, thereby delaying interfacial failure, while
secondary roots function as flexible mechanical interlocks to pre-
vent such failure. In the BOIEFT structure, each secondary root
moves in the direction of strain, exhibiting flexible deforma-
tion. As strain increases, the secondary roots positioned at the
upper area sequentially undergo maximum allowable bending.
Once the uppermost area’s secondary roots reach a certain bend-
ing deformation point, the bending process begins in the sec-
ondary roots located in the below area (Figure 3a,b). This se-
quential process continues until the entire secondary root struc-
ture reaches its bending limits, ultimately leading to interfacial
failure.

The strain distribution within the BOIEFI was measured and
analyzed during the tensile test to evaluate the impact of the root
design on stretchability. Due to insufficient adhesion between PI
and Ecoflex, interfacial failure occurred at a strain of 40% in the
RCI (Figure 3c). Crack propagation along the interface was ob-
served at strains below 80% due to stress concentration at the
region of interfacial failure. The integration of the optimized
BOIEFI effectively enhances the stretchability of the hybrid elec-
tronics platform. Through Digital Image Correlation (DIC) ex-
periments, the effective gripping effect of BOIEFI roots could be
demonstrated. As strain increased, BOIEFI showed no cracking
along the boundary between the secondary root and Ecoflex, sus-
taining strain levels up to 400% (Figure 3d). Due to the large
strain values applied during testing, the peak local strain was
demonstrated as a representative measure to capture the me-
chanical response in regions with the highest deformation. Fi-
nally, crack propagation in the BOIEFI structure was observed at
an applied strain of 550% although their strain distribution could
not be measured because the DIC experiment had limitations in
capturing high strain during crack propagation (Figure S9, Sup-
porting Information).

To further elucidate the mechanism of achieving high stretch-
ability, finite element analysis (FEA) was performed on omnidi-
rectional models of an RCI, a primary root, and a secondary root.
For a 18-fold rotationally symmetric structure, displacement-
controlled tensile loading was applied in the y-direction to

© 2025 Wiley-VCH GmbH
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Figure 3. Investigation of the mechanical behavior of the BOIEFI. a) Schematic illustration of BOIEFI working mechanism with flexible mechanical
interlocking and adhesive effects. b) Photographs of BOIEFI within stretchable substrate under strain values of 0%, 150%, and 500%, respectively.
c,d) Digital image correlation (DIC) image showing interfacial failure and crack propagation in c) RCI, d) BOIEFI. e and f) Finite element analysis (FEA)
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Small 2025, 2410247 2410247 (6 of 13) © 2025 Wiley-VCH GmbH

850807 SUOWILIOD BAIIERD 8|qed![dde 8Ly Aq pausenob ae S9joie YO ‘8N JO Sa|NJ 10} Akeiq1 78Ul UO /8|1 UO (SUOTPUOO-PUB-SWLBY W0 A8 | 1M ARIq | Bu JUO//:SdNY) SUORIPUOD pue SWie 1 8y} 89S *[5202/T0/TE] U0 AfeiqiTaulluO A8]IM ‘JO 8INIISU| peoURAPY €810 A L#20TH202  |IWS/200T OT/I0p/uod A8 im Afelq1jeuljuo;/sdny woiy papeojumod ‘0 ‘6289€TOT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

investigate the detailed strain distribution and the deformation
behavior of root structures. Detailed information regarding the
FEA model is provided in Figure S10 (Supporting Information)
and the Experimental Section. Figure 3e presents the maximum
principal strain plot at the overall stretch of 40%. From the strain
plot, it is observed that the root structure effectively reduces the
strain of Ecoflex at the interface. While abrupt strain transitions
occur at the interface of the circular RCI structure, the root struc-
ture facilitates the formation of graded strain distributions. This
gradual strain variation helps to mitigate stress concentrations,
enhancing mechanical stability and interfacial robustness under
deformation through the root structure. Moreover, while primary
root structures may be vulnerable to delamination due to strain
concentration at the root tips, secondary root structures mitigate
the issue with sequential bending of secondary roots in the di-
rection of loading (Figure S11, Supporting Information). To eval-
uate the adhesion characteristics between Ecoflex and PI under
repetitive mechanical loading, a cyclic peeling test was conducted
(Figure S12, Supporting Information). During the first cycle, the
adhesion test exhibited a high adhesion force; however, in subse-
quent cycles, a reduction in adhesion force was observed (Figure
S13, Supporting Information), indicating progressive degrada-
tion of interfacial adhesion under repeated loading conditions.
Despite this reduction, the flexible mechanical interlocking be-
havior of the secondary root structures was found to be highly ef-
fective in maintaining structural integrity and mechanical perfor-
mance, even under conditions of reduced adhesion at the inter-
face caused by cyclic mechanical loading (Figure S14, Supporting
Information). From simulating the same FEA models but with
uniformly distributed microcracks at the interface and reduced
adhesion, it is found that delamination occurs at the interface
of RCI structure under strain of 33%, and delamination initiates
and propagates from the root tips of primary roots structure un-
der strain of 40%, while delamination was effectively suppressed
for secondary root structures under the equivalent level of stretch.
Thus, it is concluded from the FEA with two different interfa-
cial properties that graded strain distribution along the primary
root and sequential bending of secondary roots subsequently sup-
presses the opening and propagation of interfacial microcracks.
The flexible mechanical interlocking effect from this bending be-
havior of secondary roots is deduced to further enhance stretcha-
bility by complicating the crack propagation path and dissipating
the strain energy.

2.4. Mechanical Reliability of the BOIEFI

In addition to its remarkable stretchability, the optimized BOIEFI
demonstrates excellent fatigue resistance over prolonged dura-
tions. Fatigue tests were performed on RCI at 50% strain and on
BOIEFI at 150% strain. Interfacial failure was identified by a de-
crease in applied stress under the same strain levels.[**! During
the initial phase of the fatigue experiment, interfacial failure ini-
tiation was evident after the first cycle for RCI (Figure 4a). Sub-
sequently, accelerated interfacial failure was observed in the RCI
after 90 cycles, as indicated by a noticeable drop in the graph. In
contrast, BOIEFI exhibited remarkably strong interfacial durabil-
ity even after maintaining its structural integrity even after 1000
cycles at higher strain levels (Figure 4b).
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To verify the mechanical robustness of the omnidirectional
BOIEFI under twisting conditions, we subjected both RCI and
BOIEFI to the cyclic tensile strain of 60% at twisting angles of
180° and 360° (Figure 4c). Figure 4d illustrates the relative change
in modulus over cycles. When cyclically stretched at a twisting
angle of 180° for RCI, the E/E, ratio dropped below 0.85, in-
dicating interfacial failure occurred around the 5% cycle. Sub-
sequently, the E/E; ratio continued to decrease until the com-
plete failure of the RCI occurred after ~20 cycles. In contrast, the
E/E, ratio of the BOIEFI exhibited a slight decrease over 1000 cy-
cles at twisting angles of 180° and 360° which demonstrates an
initial stabilization period followed by a stable period. To evalu-
ate failure under poking deformation at 50% strain, cyclic pres-
sure with a depth of 16 mm (initial pressure: 1.50 kPa, com-
pressive force: 0.38 N) was applied to the RCI and BOIEFI em-
bedded in Ecoflex (Figure 4e). Figure 4f depicts the variation in
pressure (P/P,) over the number of applied poking cycles. For
RCI, interfacial failure occurs at the 20th poking cycle, as shown
in the inset image in Figure 4f. In contrast, the BOIEFI main-
tained a reliable interface throughout the 1000 cycles. In sum-
mary, fatigue tests involving stretching, twisting, and poking in-
dicate that the BOIEFI effectively inhibits crack propagation at
the interface under repeated application of diverse physical de-
formation. These findings highlight the potential of BOIEFI to
enhance hybrid electronics capabilities and significantly broaden
its applicability across a wide range of practical scenarios
such as human-machine interface, health monitoring, and dis-
plays, particularly those involving extreme mechanical loading
conditions.

2.5. Hybrid Electronics Platforms with BOIEFI

Applications of hybrid electronics platforms, including stretch-
able LED arrays and human-machine interface devices are
demonstrated with BOIEFI. To construct hybrid electronic de-
vices, intrinsically stretchable electrodes based on Ag flakes and
Ecoflex, which exhibit excellent performance under excessive
stretching, were used. The electrodes were printed onto the plat-
form using screen printing with a polyethylene terephthalate
(PET) mask (Figure 5a). To investigate the electrical response
of the fabricated platform, an electrical stability experiment was
conducted for configurations without an island, with RCI, and
with the optimized BOIEFI, as shown in Figure 5b. The intrin-
sically stretchable electrode without an island exhibits electrical
failure at 800% strain due to elastomer failure. While the RCI ex-
perienced electrical failure at £90% strain, the optimized BOIEFI
design shows electrical failure at ~540% strain. Although the
bare elastomer demonstrated the highest strain at failure, this
structure is impractical for real-world applications because it can-
not integrate rigid or flexible electronic components. In con-
trast, the elastomer with the optimized BOIEFI is well-suited for
demonstrating hybrid electronics because it not only provides
sufficient stretchability and electrical conductivity but also fea-
tures islands capable of integrating various electronic compo-
nents.

Then, an array of the optimized BOIEFI was used to fab-
ricate a stretchable LED array. The 4 X 4 island arrays were
prepared to integrate a stretchable LED array (Figure 5c and
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Figure 4. BOIEFI under diverse physical deformation modes. a,b) Stress versus strain graph of a) RCI b) BOIEFI under cyclic strain of 50% and 150%.
c) Photographs of twisted RCI (1800) and BOIEFI (1800 and 3600) for cyclic strain of 60%. d) Relative change of modulus (E/EO) versus cycles for
twisted strain experiment of RCl and BOIEFI. The inset demonstrates a zoom-in of the curve at 0 to 30 cycles. e) Photographs of BOIEFI with 60% strain
under cyclic pressure (initial force: 0.38 N, repeated compression depth: 16 mm). f) Relative change of pressure (P/P0) versus cycle for RCl and BOIEFI
under cyclic poking. The inset on the right provides a zoom-in of the curve at 0 to 25 cycles. The inset on the left demonstrates the failure of RCI after 15
cycles.
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Figure 5. Stretchable Hybrid Electronics application of BOIEFI. a) Photograph (upper image) and schematic illustration (lower image) of the intrinsically
stretchable electrode on the BOIEFI platform. b) Resistance versus strain for the printed intrinsically stretchable electrode on different design cases:
without island, RCI, and BOIEFI. The inset demonstrates a zoom-in of the curve at 0% to 40% strain. c) Schematic illustration of stretchable LED array.
d) Photograph of the fabricated stretchable LED array under physical deformations (stretching (100% strain), rolling, crumpling, and twisting).

Experimental Section). The islands were embedded into the
Ecoflex, and stretchable electrodes were subsequently printed us-
ing the screen-printing method with a prepared mask (Figure
S15, Supporting Information). The prepared sample was de-
tached from the glass substrate, and SMD LED chips were
mounted onto each island. The components were then secured
firmly with a silicone-based adhesive. The fabricated stretchable
LED array shows robust performance under multiple physical de-
formation modes, such as stretching (%100% strain), rolling (ra-
dius of 5 mm), crumpling, and twisting (180°) (Figure 5d; Movies
S1, S2, Supporting Information).

For effective and practical applications of stretchable hybrid
electronics platforms such as in virtual reality/augmented reality,
human-machine interfaces, and health monitoring, it is crucial
to realize the multi-functionality of the integrated system beyond
just ensuring the reliable operation of individual components.
In Figure 6a, a multifunctional and stretchable human-machine
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interface device (s-HMI Device) was demonstrated. The s-HMI
device includes four CNT-based soft pressure sensors and four
rigid LEDs that are mounted onto the BOIEFI. The fabricated s-
HMI device exhibited stable performance under various physical
deformation modes such as stretching and twisting applied to
the entire device as shown in Figure 6b and Movie S3 (Support-
ing Information). As a wearable device application, the s-HMI
device could function under 300% strain, providing visual direc-
tional information through LEDs and controlling the directions
by CNT-based soft pressure sensors. Figure S16 (Supporting In-
formation) and the Experimental Section illustrate and describe
the system for establishing the s-HMI device. It was utilized to
control the traditional snake game while simultaneously achiev-
ing visual directional information from the device (Figure 6¢ and
Movie S4, Supporting Information). Simulating the functional-
ity of keyboard arrow keys, pressing the CNT-based soft pres-
sure sensor directed the snake to move down, left, up, or right.
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Figure 6. Stretchable Human-Machine Interface and Haptic Device with BOIEFI. a) Photograph of the fabricated Stretchable Human-Machine Inter-
face Device (s-HMI Device) b) Photograph of the s-HMI Device under 300% strain. c) Photographs of the computer screen of controlling traditional
snake game by s-HMI Device. The insets show the photographs of the s-HMI Device corresponding to each direction. d) Photograph of the fabricated
Stretchable Haptic Device e) Photographs and illustration of haptic feedback and directional movement.

The corresponding LEDs light up to visually indicate each di-
rection. Moreover, the s-HMI Device demonstrates stable oper-
ation under stretching (300% strain) as shown in Movies S5, S6
(Supporting Information). Ultimately, we successfully developed
an s-HMI Device with BOIEFI integrating soft pressure sen-
sors and rigid LEDs, achieving broad applicability across diverse
areas.

A stretchable haptic device was developed by integrating vi-
bration motors onto the BOIEFI platform (Figure 6d). These
integrated vibration motors are programmed to convey direc-
tional information through controlled vibration patterns. The di-
rectional control of the vibration motors is managed using an
Arduino microcontroller. Specifically, three vibration motors are
configured to deliver directional movement instructions based on
sequential vibration patterns. For instance, a vibration sequence
that starts from the top motor and progresses downward indi-
cates a leftward directional movement. Conversely, a sequence
that begins from the bottom motor and moves upward signifies a
rightward directional movement (Figure 6e; Movie S7, Support-
ing Information). This programmable vibrational feedback sys-
tem enables the stretchable haptic device to be employed in a vari-
ety of applications requiring directional guidance. Furthermore,
as demonstrated in Movie S8 (Supporting Information), the hap-
tic device operates effectively under 200% strain, showcasing its
ability to function in highly stretchable conditions. This remark-
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able stretchability expands the potential applications of BOIEFI,
enabling diverse and multifunctional uses in flexible and wear-
able technologies.

3. Conclusion

Hybrid electronics represent a key technology that should be ad-
vanced for the practical deployment of stretchable electronics.
Additionally, to ensure the practical implementation of hybrid
electronics across various real-world applications, these devices
need to demonstrate exceptional durability in demanding envi-
ronments. In this study, we developed BOIEFIs for the establish-
ment of hybrid electronics that can achieve highly stretchable and
durable performance under various physical deformation. Our
approach involved engineering a flexible-to-stretchable interface
inspired by biological principles, incorporating both primary and
secondary roots of plants. These roots facilitate stress distribu-
tion and flexible mechanical interlocking, enabling high stretch-
ability and endurance through various deformations, including
stretching, rolling, crumpling, and twisting. While these achieve-
ments were demonstrated with a relatively simple design in this
study, there remain significant opportunities remain for advanc-
ing the proposed hybrid electronics platform. For example, in
nature, plant roots exhibit complex 3D structures that provide
strong gripping effects. Mimicking these 3D complex structures
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in future work could enhance the stability of the interface and im-
prove the gripping effect on the stretchable substrate. Despite the
simplicity of the current design, we have demonstrated the prac-
ticality of the developed stretchable hybrid electronics platform
by successfully integrating LEDs (rigid components) onto the
BOIEFI (flexible substrate). Additionally, we developed a stretch-
able human-machine interface (s-HMI) device that functions as
a keyboard directional input and provides visual feedback by in-
tegrating soft pressure sensors and LEDs into the platform. The
BOIEFI represents a novel approach for advancing hybrid elec-
tronics, with potential applications in displays, extended reality,
electronic skin, healthcare devices, and more.

4. Experimental Section

Fabrication Process for Tensile Test: The root designs were created with
3D computer-aided design (CAD) software (Fusion 360, Autodesk, USA).
The BOIEFI specimens were fabricated using UV laser-cutting. Once mod-
eled, the 3D CAD file was converted to a DXF format and imported into
the UV laser-cutting software (KEYENCE Marking Builder, Japan). Poly-
imide (PI) film (SKC KOLON PI, Korea) was prepared and placed into the
UV laser-cutting machine (MD-U1000C, KEYENCE, Japan). The UV laser
cutting parameters included a laser power of 80% (2.4 W), a scan speed
of 300 mm s, a pulse frequency of 40 kHz, and a total of 20 passes. After
laser cutting, the patterned Pl was detached from the PI film.

A releasing agent (ER-200, Smooth-On Inc., USA) was applied to the
soda-lime glass (Nippon Sheet Glass, Japan) to facilitate the release of the
Ecoflex-0030. The Ecoflex-0030 was prepared by mixing its components,
A and B, in a planetary mixer (Thinky ARM-310, USA) with a ratio of 1:1
for a mixing time of 2 min at 2000 rpm and a defoaming time of 10 s at
2200 rpm. After each mixing of the elastomer, the mixture was degassed
in a vacuum chamber for 10 mins. The soda-lime glass was spin-coated
with the prepared Ecoflex-0030 via spin-coating (900 rpm, 20s) and sub-
sequently cured at 80 °C for 30 min. Subsequently, the prepared patterned
Pl was placed onto the Ecoflex-0030. Subsequently, an additional quantity
of Ecoflex-0030 was prepared and spin-coated (500 rpm, 20s) in order to
encapsulate the patterned PI. The specimen was then subjected to a cur-
ing process at 80 °C for a period of 30 min. Subsequently, the specimen
was prepared by cutting it into a size of 42 X 42 mm. Finally, the specimen
was prepared for the tensile test, which was conducted in order to identify
any interfacial failure between the flexible and stretchable substrates.

Tensile-Related Tests: In all tensile tests, a universal testing machine
(AG-X plus, Shimadzu, Japan) and a load cell (SBL-1KN, Shimadzu, Japan)
capable of measuring up to 1 kN force were employed to quantify the ap-
plied force. Pneumatic flat grips (Shimadzu, Japan) were employed to en-
sure secure grasping of the specimens for each experiment. The speed
was set to 50 mm min~! for each test. In order to ascertain the strain at
failure of the omnidirectional design (Figure S1, Supporting Information),
the specimen was subjected to a vertical directional strain. In each test,
the specimen’s position was rotated by 60°.

While the complete embedment of BOIEFI specimens in Ecoflex en-
abled visual detection of interfacial failures between flexible and stretch-
able substrates, it also created challenges for quantitative measurement
with the load drop method. The load drop method referred to a sudden
decrease in the applied load, typically indicating the onset of crack initi-
ation, leading to material failure. To overcome this, Ecoflex was removed
from the BOIEFI specimen using a 9 mm circular punch, allowing for ten-
sile tests to be conducted (Figure S17, Supporting Information). This ap-
proach allowed interfacial failure to be quantitatively demonstrated using
the load-drop method.[30:37]

Digital Image Correlation for Strain Mapping: ~ The strain distribution on
the surface of the BOIEFI specimens was calculated and analyzed using a
commercial digital image correlation (DIC) algorithm program (ARAMIS,
Gesellschaft fiir Optische Messtechnik mbH) with an error of 0.005%
for strain measurement. For the purpose of strain measurement, white
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speckle patterns were randomly generated on the surface of the BOIEFI
specimens using a commercial ceramic spray (SF 7900, LOCTITE, Ger-
many). Two charge-coupled device (CCD) cameras (6 million pixels) were
calibrated to measure the appropriate area (30 X 24 mm). The tensile test
was conducted at a speed of 50 mm min~" using a universal testing ma-
chine (AGS-X, SHIMADZU, Japan), and the two CCD cameras captured
images at 3 Hz. The equivalent Mises strain distribution within the bound-
ary region between the Pl root and Ecoflex-0030 was analyzed by applying
the interpolation method, which calculated the strain in the boundary re-
gion as the average value of the strains of the Pl root and Ecoflex-0030.

Finite Element Analysis for Investigating Small-Scale Behavior. The com-
parative investigation for the small-scale mechanical behavior of the
BOIEFI was performed using commercial finite element analysis software
(Abaqus v 6.26, Dassault Systems, France). While the Pl root structures
were assumed to be purely elastic (E: 2.5 GPa, v: 0.34), the Ecoflex soils
were modeled to be hyperelastic by adopting coefficients of the Ogden
model (1: 0.01690, a1: 1.3, x2: 0.00008, a2: 5.0, #3: 0.00100, a3: -2.0,
D1: 1.1560, D2: 0.0001, D3: 0.0000). Each 2D deformable solid model
for the root-mimicking Pl and soil-mimicking Ecoflex structures consisted
of ~4000 and ~30000 CPS4R (4-node bilinear plane stress quadrilateral,
reduced integration, hourglass control) elements, respectively. The inter-
faces were set to be perfectly bonded for models investigating detailed
strain distribution of RCI and root structures, while the possible growth
of interfacial microcracks (length: ~ 20 pm) was modeled by adopting the
virtual crack closure technique (VCCT) with a critical energy release rate of
0.1) m~2 for models investigating delamination of RCl and root structures
under reduced adhesion.

Fabrication of Intrinsically Stretchable Electrode: The electrode used in
this study was based on an Ag flake/Ecoflex combination, as previously
described in a related study.[3®] MIBK (4-methyl-2-pentanone) (Daejung
Chemical & Metals, Korea) and Ecoflex-0030 were combined in a 3:3 ra-
tio using a planetary mixer (mixing time of 2 min and a defoaming time
of 10 s). Ag flakes (Daejoo Electronic Materials, Korea) were then added
to the obtained mixed solution in a ratio of 14, after which the solution
was mixed again with the planetary mixer at the same conditions previ-
ously described. Subsequently, the final solution of Ag flakes, Ecoflex, and
MIBK was screen-printed on the prepared islands through a polyethylene
terephthalate (PET) mask with a thickness of 200 um. The MIBK solvent
was subjected to evaporation at 80 °C for 1 h. Thermal sintering of the Ag
flake/Ecoflex solution was conducted at 110 °C for a period of 2 h, resulting
in an electrical conductivity of 4006 S cm™'.

Electrical Stability Test of Intrinsically Stretchable Electrode: To assess
the electrical stability of intrinsically stretchable electrodes integrated into
the stretchable hybrid electronics platform, a woven conductive fabric
(Shzhou Wanhe Electronic, China) was employed to connect the intrin-
sically stretchable electrodes to the Arduino Due. The resistance of the
intrinsically stretchable electrode was quantified by utilizing a reference
resistor in series to create a voltage-dividing circuit.

Fabrication of Stretchable LED Array: Ecoflex-0030 was spin-coated
onto a 150 X 150 mm soda-lime glass substrate. The BOIEFI was placed
in a 4 x 4 formation with equal spacing on the Ecoflex-0030. A second
layer of Ecoflex-0030 was spin-coated onto the islands for embedment. The
Ag flake/Ecoflex/MIBK solution was screen-printed on the islands using a
PET mask. After curing the intrinsically stretchable electrode, the sample
was detached from the glass. SMD LED chips (HSUKWANG, China) were
mounted on each island and secured with Silpoxy (Smooth-On Inc., USA).
Woven conductive fabric (Shzhou Wanhe Electronic, China) was used to
connect the intrinsically stretchable electrode to electric wires. A 12 V bias
was applied to activate the SMD LED chips.

Fabrication of CNT-Based Soft Pressure Sensor: The CNT-based soft
pressure sensor used in this study was described previously in a related
study.38] To fabricate a porous PDMS sponge, a sugar template (15 mm
X 15 mm X 15 mm) was immersed in degassed polydimethylsiloxane
prepolymer (PDMS, Sylgard 184, Dow Corning Co., with a 10:1 matrix-
to-curing agent mass ratio). The liquid PDMS prepolymer was infiltrated
into the sugar template within a vacuum chamber for 1 h and then cured
in a convection oven at 70 °C for 2 h. The composite of sugar and cured
PDMS was then cut into a thin slice, ~#3 mm thick, using sandpaper. This
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slice was immersed in deionized water at 60 °C for 1 h to dissolve the
sugar, resulting in a porous PDMS sponge (15 mm X 15 mm X 3 mm).

Subsequently, the obtained PDMS sponge was treated with oxygen
plasma for 10 min. A mixture of 0.25 g of multiwalled carbon nanotubes
(MWCNTs) (Hyosung, with a diameter of 16 = 3.6 nm and length of
5—20 um) was dispersed in 100 mL of isopropyl alcohol (IPA). After vor-
tex mixing for 1 h and ultrasonication for an additional hour, a homoge-
neous 0.25 wt. % CNT-IPA dispersion was prepared. The plasma-treated
PDMS sponge was then immersed in the CNT-IPA dispersion and repeat-
edly squeezed to coat the surfaces of the PDMS backbone with CNTs. Af-
ter the complete evaporation of the IPA solvent, the prepared sample was
rinsed in deionized water and dried in a convection oven at 50 °C for 1 h.

Fabrication of Stretchable Human-Machine Interface Device: These ex-
periments were approved by the institutional review board (IRB) of the
Korea Advanced Institute of Science and Technology (KAIST) (IRB no.
KH2024-200). Before processing the fabrication, a PET mask was designed
and fabricated with UV laser-cutting software. Ecoflex-0030 was spin-
coated onto a 100 X 100 mm soda-lime glass substrate. The fabricated PET
mask was attached to the spin-coated soda-lime glass substrate to align
the position of the BOIEFI. After placement of the BOIEFI, a second layer of
Ecoflex-0030 was spin-coated for embedment. The Ag flake/Ecoflex/MIBK
solution was applied with screen-printing onto the BOIEFI using the fab-
ricated PET mask. After curing the intrinsically stretchable electrode, the
sample was detached from the glass. The fabricated CNT-based soft pres-
sure sensor and LEDs were mounted onto the intrinsically stretchable elec-
trodes using Ag epoxy (MG Chemicals Ltd., 8331S, Canada) as a conduc-
tive adhesive. The Ag epoxy was sintered after mounting using a convec-
tion oven at 60 °C for 20 min. Silpoxy was applied to securely attach the
LEDs to the device. The fabricated s-HMI Device was connected to the Ar-
duino by using alligator clips. The detailed connection schematic to the
Arduino of the fabricated s-HMI Device can be found in Figure S16 (Sup-
porting Information).
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