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Designing pores to suppress crack generation at
the interface between serpentine interconnects
and elastomers for highly durable stretchable
electronics†

Seungkyu Lee, a Jun Chang Yang *b and Steve Park *a

Serpentine interconnects enable rigid materials to have high
stretchability. They are considered to be very effective architectures
to enable stretchable electronics. Therefore, research has primarily
focused on exploring serpentine-based designs to enhance the
stretchability of the interconnect itself. However, in practical appli-
cations, the interfacial cracks caused by repetitive stretching
becomes a critical issue if serpentine interconnects are encapsu-
lated within a polymer matrix. Here, we introduce geometrically
engineered pores in a polymer matrix to suppress interfacial cracks
under stretching. The serpentine interconnects with optimized
pores in a polymer matrix improved mechanical stability (strain at
failure, fatigue life) and electrical stability compared with those
without pores. Furthermore, these strategies enabled the demon-
stration of a stretchable light-emitting diodes (LED) array and an
electrical heater.

Introduction
Stretchable electronics have received huge attention due to
their high mechanical compliance and the ability to maintain
various functions regardless of the curvature of the attached
surface or mechanical deformation. 1,2 Recently, stretchable
displays,3 ••electronic skin•• with tactile sensing,4 and medical
devices5 have been demonstrated by introducing geometry
designs to inorganic electronics. Various designs, such as
serpentine,6 kirigami, 7 and wrinkling, 8 allow rigid materials-
based component (stretchability o5%) to have high stretch-
ability. Among them, the serpentine structure has high stretch-
ability due to its repeated curved shaped, similar to a spring. 9

To date, various designs to enhance the mechanical properties
of serpentine interconnects have been presented. For example,
Pang et al. designed a fractal-shaped serpentine structure to
enhance mechanical flexibility, demonstrating up to 90%
stretchability and applying it to electronic skin. 10 Liu et al.
showed that serpentine interconnects patterned on biocompa-
tible parylene-C films maintained stable impedance even after
5000 repetitive stretching cycles.11 However, such studies on
serpentine structures have consistently focused on improving
stretchability without considering the integration with other
components (i.e., encapsulation with the polymer matrix).

Despite embedding the serpentine structure in low-modulus
materials to avoid mechanical damages (e.g., crack, delamina-
tion), repetitive stretching can ultimately lead to crack propaga-
tion and device destruction due to the mechanical mismatch of
the Young•s modulus of the material at the interface between
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New concepts
This work introduces a geometrically guided approach to enhance inter-
facial mechanical stability in stretchable electronics by embedding engi-
neered pores around serpentine interconnects. Unlike previous e�orts
that focused primarily on improving the stretchability of the intercon-
nects themselves, our concept addresses the critical (but often over-
looked) challenge of interfacial failure between rigid serpentine
structures and soft polymer matrices. Strategically placed T-shaped pores
in the encapsulating polymer promoted out-of-plane deformation and
reduced localized strain, e�ectively suppressing crack initiation and
propagation at the interface. This purely structural design, free of
chemical modification or complex fabrication, significantly improved
mechanical and electrical durability, achieving stable operation over
15 000 cycles of stretching and 1000 cycles of twisting. Furthermore, the
pore architecture was highly versatile, applicable across various serpen-
tine geometries and materials. This concept not only extends the fatigue
life of stretchable devices but also enables practical demonstrations such
as conformal LED arrays and skin-attachable heaters. The underlying
insight lies in transforming the traditionally passive polymer…serpentine
interface into an active mechanical element for durability, offering a
fundamentally new strategy for engineering long-term, reliable, and
stretchable electronics.
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the polymer matrix and serpentine interconnect. Therefore, it is
necessary to design devices that maintain interfacial mechan-
ical stability to achieve high mechanical stability and electrical
durability. To address this problem, Uemura et al. investigated
the dependency of stretchability on encapsulation sti�ness
by considering the modulus and thickness of an elastomer
encapsulating serpentine interconnects.12 Integrating a low-
modulus elastomer layer within the encapsulation can enhance
the overall stretchability of the device because this layer can be
stretched more extensively. However, using excessively low-
modulus elastomers can result in a significant modulus mis-
match at the interface with serpentine interconnects, which
can negatively a�ect fatigue life and mechanical stability.
Liu et al. showed serpentine-shaped electrodes incorporating
a sulfhydryl-anchored interface with disordered cones could
enhance chemical adhesion between the electrodes and a
polydimethylsiloxane (PDMS) film. 13 The electrode exhibited
50% stretchability and a 1.8-fold change in resistance over 200
cycles. However, it had the drawback of being applicable only to
specific substrate materials and requiring additional chemical
coating treatments. Su et al. proposed an overstretch strategy
that extended beyond the elastic range of stretchable substrates
after bonding to a soft substrate, aiming to double the designed
elastic stretchability. 14 However, this strategy can reduce
stretchability and induce plastic deformation, making it di�-
cult to return to their initial state after an excessive pre-strain
process. Comprehensively, it is required to enhance interface
stability without chemical treatments or complex processes.
In the present study, we found that pores around serpentine
interconnects improved the stretchability and mechanical sta-
bility of the stretchable electronic devices. These T-shaped
pores were designed to fit into the concave parts of the
serpentine interconnect. When the device was stretched or
twisted, the T-shaped pores simultaneously expanded

(Fig. 1A). Geometrically designed pores dispersed strain-
concentrated areas at the interface between the serpentine
and elastomer, suppressing crack propagation at the interface.

The serpentine interconnect with pores showed stable
mechanical and electrical durability under stretching (30%
strain) and twisting (90 1). Between the interconnected serpen-
tine structures, there were islands where functional chips could
be integrated to enable a variety of applications (Fig. 1B).
Stretchable devices remained stable even under stretching
and twisting. Because of its stretchable characteristics, it could
also be applied to e-skin, conforming seamlessly to the skin.
Consequently, we demonstrated a stretchable heater array for
human healthcare devices (Fig. 1C).

Results
To make stretchable interconnects, various shapes of intercon-
nects, such as zigzag, horseshoe, serpentine, and hierarchical
3D serpentine-helix, have been investigated.9,14 These intercon-
nects show high stretchability if used alone. However, if these
interconnects are embedded in a polymer, interfacial delami-
nation is likely to occur by excessive or repetitive stretching.
Therefore, we placed geometrically designed pores near a
serpentine interconnect to suppress interfacial cracks. To pre-
pare a sample, a polyimide (PI) film (thickness: 125 mm) was
laser-cut to a serpentine structure (Fig. 2A and Fig. S1, ESI†).
Teflont was laser-cut to fabricate a mold with a pore design.
We aligned the serpentine with the Teflon mold and spin-
coated with PDMS as an encapsulation layer. After curing the
PDMS, it was removed from the Teflon mold. Tensile tests were
conducted on serpentine interconnects without pores (SIOP)
and those with O-shaped pores (SIWP1) and T-shaped pores
(SIWP2) (Fig. 2B and Fig. S2, ESI†). In the case of the SIOP, an

Fig. 1 Stretchable electronics with serpentine interconnects with pores (SIWP) in a polymer matrix (schematic). (A) T-shaped pores reduced lateral strain
applied to the serpentine interconnects during stretching and twisting. (B) Stretchable electronics with SIWP operating under stretching (top) and twisting
(bottom). (C) A stretchable heater attached to the wrist for electronic-skin (e-skin).
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interfacial crack (red dotted line) between the serpentine inter-
connect and the PDMS was observed at 20% strain, leading to
interfacial failure before reaching 40% strain (Fig. 2C top).
Conversely, in the case of SIWP1, interfacial delamination was
not observed up to 40% strain. However, another type of failure
was generated from the pore at 43% strain. SIWP2 showed the
highest stability up to 58% strain without any other failure.
This indicated that T-shaped pores suppressed cracking of the
PI/PDMS interface and were stable in themselves, thus increas-
ing stretchability. As shown in Fig. 2D, the strain at failure of
SIOP, SIWP1, and SIWP2 was 32%, 43%, and 58%, respectively
Here, the inflection points ( i.e., sharp drop in stress) in the
stress…strain curve indicated strain at failure.15 In particular,
the SIWP2 had high stretchability compared with other forms

of SIWP (Fig. S3, ESI†). To observe the deformation process of
the serpentine interconnect under stretching, we measured the
out-of-plane displacement at 40% strain (Fig. 2E).11,16 Out-of-
plane displacement is an important factor influenced by the
stretchability because vertical directional deformation is crucial
for structurally stretching rigid materials ( e.g., polyimide,
polycarbonate).17,18 Thus, if a serpentine structure is stretched,
significant deformation occurs perpendicular to the stretching
plane. However, embedding the serpentine interconnect in an
elastomer for encapsulation results in the polymer suppressing
this perpendicular deformation. This primarily reduces the
stretchability and can lead to device failure or a shortened
operational lifetime. To address this problem, we positioned
geometrically designed pores around the serpentine to promote

Fig. 2 Fabrication and characterization of the stretchability of serpentine interconnects with pores (SIWP) and without pores (SIOP) in PDMS.
(A) Fabrication process for SIWP. (B) Photograph of SIWP in PDMS during tensile testing. (C) Photographs of the tensile tests for SIOP, SIWP with the
first pore design (SIWP1), and SIWP with the second pore design (SIWP2) in PDMS. At 20% strain for SIOP, the red dotted area within the inset black dotted
box highlights delamination between the serpentine and PDMS. (D) Strain–stress curve for SIOP, SIWP1, and SIWP2. (E) Photographs of the side view of
stretched SIOP, SIWP1, and SIWP2. The z-axis displacement is defined as the difference between the maximum and minimum values at positions
perpendicular to the stretching plane of the serpentine, which is the distance between the two red dotted lines. (F) Z-axis directional displacement of
polyimide (PI) without PDMS, SIOP, SIWP1, and SIWP2.
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on the surface of the deposited Cu layer. These cracks were
observed using optical microscopy (OM) and scanning electron
microscopy (SEM) (Fig. S8, ESI†). SIWP2 deposited with Cu
showed minimal resistance changes over 10 000 cycles, (R/R0 E
1.35), maintaining values close to the initial cycle. In contrast,
SIOP deposited with Cu exhibited a significant increase in
resistance, indicating electrical failure of the interconnect. This
could be attributed to SIWP2 allowing the free movement of the
PDMS-encased serpentine, preventing strain concentration and
ensuring uniform stress dispersion. In addition to unidirec-
tional tensile testing, the electrical stability of Cu-deposited
SIOP and SIWP2 was evaluated under cyclic twisting modes at
901 (Fig. 4H). SIWP2 with Cu exhibited minimal resistance
changes over 1000 cycles (R/R0 E 1.41), while SIOP with Cu
showed a much higher increase in resistance (R/R0 E 5.54).
These results demonstrated the superior mechanical and elec-
trical stability of SIWP2 in PDMS under twisting deformation,
which was attributed to its ability to reduce strain concen-
tration and achieve uniform stress distribution.

The proposed pore e�ect was not limited to PDMS. To verify
its broader applicability, we tested Ecoflex 0020 and Ecoflex
Gel, which have a lower modulus than PDMS. The SIWP2
embedded in Ecoflex 0020 and Ecoflex Gel exhibited a higher
strain at failure compared to the corresponding SIOP (Fig. 5A
and B). To evaluate the mechanical reliability under repeated
stretching, we conducted 10 000-cycle tests (at 50% strain) and
monitored the relative change in stress for both SIOP and
SIWP2 embedded in Ecoflex 0020 and Ecoflex Gel. A crack
was observed in SIOP embedded in Ecoflex 0020 after 8801
cycles, whereas SIWP2 maintained mechanical stability without

failure throughout all 10 000 cycles (Fig. 5C). Similarly, a crack
was observed in SIOP embedded in Ecoflex Gel after 3509
cycles, whereas SIWP2 maintained mechanical stability without
failure throughout all 10 000 cycles (Fig. 5D). Additionally,
when Ecoflex was used as the polymer matrix, we confirmed
that introducing pores enhanced mechanical stability more
e�ectively than improving the adhesion of the serpentine
interconnects (Fig. S9, ESI†).

In addition to the aforementioned elastomers, both SIOP
and SIWP2 were embedded in dragon skin and styrene…ethy-
lene…butylene…styrene (SEBS). We evaluated the strain at
failure at which delamination occurred at the elastomer/PI
interface (Fig. S10, ESI†). The strain at failure of SIWP2 in all
tested elastomers was higher than that of SIOP. Overall, the
proposed SIWP2 structure significantly reinforced stretchability
and durability across various materials compared to previously
reported fully encapsulated serpentine interconnects (Table S1,
ESI†).

The SIWP2 design is advantageous for controlling repetitive
deformation in electronics and enabling various applications.
One of the most promising applications of serpentine-shaped
electrodes is in stretchable displays. For the demonstration, we
fabricated an array of light-emitting diodes (LEDs) that could
be controlled through an external power source (Fig. 6A). LEDs
were placed on each rectangular polyimide island in a 2 � 3
array, with 15 mm between islands, on SIWP2 embedded in
PDMS. The LEDs were encapsulated with a PDMS prepolymer
solution, which cured heat to fix the chips. The LED operated at
1.75 V and each pixel exhibited consistent current…voltage
characteristics and luminance under stretching (Fig. S11, ESI†).
The fabricated stretchable LED array operated under three
deformation modes: stretching (135%), twisting (1801), and
poking. The SIWP2 structure deposited with Cu could be
utilized as a stretchable heater through Joule heating
(Fig. 6B). To enhance the reliability of this heater, the entire
heating area of the copper on the PI substrate was encapsulated
with PDMS. Real-time IR images of this SIWP2 heater from 0 V
to 6 V showed a uniform temperature distribution at each
voltage (Fig. 6C). This measurement was conducted by connect-
ing a source meter to the island surfaces at both ends of SIWP2.
As illustrated, the temperature of the interconnect increased
monotonically with each successive 1 V increment applied to
SIWP2. The average temperature of the heater was measured
when the temperature reached saturation. The average tem-
perature increased from 28 1C at 0 V to B70 1C at 6 V and
decreased back to 271C when the voltage was reduced to 0 V
(Fig. 6D). The heater exhibited consistent periodic heating even
under repetitive DC bias. The thermal stability and mechanical
reliability of SIWP2 and SIOP heaters under stretching defor-
mation are demonstrated (Fig. 6E). This heater was tested up to
30% stretching at 6 V, showing a distinctive trend in changes of
average temperature. SIWP2 maintained an average tempera-
ture of 70 1C at 0…30% strains, while the temperature of SIOP
decreased with increasing strain, dropping by B20 1C at 30%
compared with 0%, and displayed uneven heat distribution.
This was attributed to the non-uniform heating of the PDMS

Fig. 5 Compatibility of SIWP2 with various polymer materials. (A and B)
Stress–strain curves showing the stretchability of SIOP and SIWP2 in
Ecoflex 0020 (A) and Ecoflex Gel (B). Insets show SIOP and SIWP2 with
various polymer materials before stretching. (C and D) Relative change of
stress (s/s0) versus cycles for SIOP and SIWP2 in Ecoflex 0020 (C) and
Ecoflex Gel (D) under repeated stretching of 50% strain. For SIWP2
embedded in Ecoflex 0020, crack formation was observed in SIOP after
8801 cycles whereas, in Ecoflex Gel, the SIOP structure failed due to
cracking after 3509 cycles.
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