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Abstract

Cracks have been widely employed as functional elements in stretchable sensors exhibiting
continuous resistance modulation under mechanical strain. Although the opening of an
individual crack inherently induces a nonlinear, sharp increase in resistance, most
strategies rely on dense multi-crack networks, in which statistical reconfiguration of
percolation pathways averages the nonlinear behavior of individual cracks. Here, we
present a strategy that transforms a multi-crack percolation system into a deterministic
architecture with a small number of confined cracks, thereby enabling deterministic
mechanical switching characterized by discrete on/off switching at a critical strain. To do
this, a U-shaped notch microchannel and nanostructures are introduced on the top surface
of soft substrates, which can prevent random crack initiation and suppress competing
interfacial delamination of thin conducting films during repeated mechanical deformation
of the substrate by taking advantage of mechanical interlocking-enhanced adhesion. This
multiscale interface engineering selectively programs the dominant fracture pathway
toward notch-confined crack opening and closing. The resulting device exhibits
reproducible off-state and on-state switching during tensile loading and release, while
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maintaining stable baseline resistance over 210 cycles and showing low hysteresis. These results demonstrate that
statistically governed dense crack-based devices can be redefined as deformation-driven mechanical switching,
providing a fracture-pathway design principle for functional expansion of deformable electronics.

INTRODUCTION

Deformable electronic devices - systems that endure and exploit mechanical deformation on compliant
substrates - have developed strategies over the past decades through extrinsic structural design, thereby
converting device deformation into electrical function”'. For example, geometric approaches such as
wrinkling®, buckling', serpentine interconnects', and kirigami- and origami-based cuts'*” and folds'® have
become established in the field of deformable electronics as representative design paradigms that expand the
intrinsic mechanical degrees of freedom of bulk materials®'”, effectively redistributing local stress through

11-14

geometric distortion, delaying fracture, and thus maintaining electrical continuity"' . In parallel, micro-
and nanoscale surface structuring has emerged as a key strategy for enabling extrinsic advantages in a wide
range of wearable electronic devices"*"”\. Around the same period, crack-based electronic devices"®,
featuring high gauge factors and simple processes, have emerged as an important technological axis in
wearable electronics and biosignal monitoring"®’. From a physical perspective, unlike other geometric
strategies that aim to maintain structural and electrical continuity, these crack-based approaches rely on a
mechanism that explicitly exploits discontinuities in conductive pathways to program functionality. In the
function, cracks intentionally formed under mechanical tension can open and close in response to substrate
deformation, inducing the disconnection and reconnection of conductive pathways™. Such opening and
closing of crack interfaces, in turn, dynamically create or remove conductive bottlenecks, respectively,
thereby amplifying resistance changes in a nonlinear manner.

Significantly, in strategies employing multiple-crack networks for crack devices, the nonlinear response of
individual cracks can be statistically averaged, yielding macroscopically quasi-linear behavior”". Such an
averaged conductive pathway reconfiguration mechanism elevates crack architectures from structural, trivial
defects to dynamic functional elements that regulate mechanoelectrical transduction. However, because this
response relies on the statistical opening and closing of multiple-crack networks and the reconfiguration of
percolation pathways, it inherently possesses structural limitations”***, including indeterminacy of
conductive pathways, hysteresis, degraded cyclic stability, and device-to-device variation. Recognizing these
limitations, research has expanded toward more precise control of crack networks, spanning the categories
below: (1) crack-type engineering (e.g., metacracks” and fractal cracks*); (2) geometric parameter
optimization’ (e.g., asperity height, crack depth, and crack density) combined with finite element method
(FEM)-based predictive modeling®”; and (3) data-driven optimization incorporating Al-based strategies™.
These developments have commonly been predicated on multiple-crack networks and have progressed
toward optimizing percolation-based collective behavior through precise regulation of crack density and
spatial arrangement.

In our recent study, we reported that even without a physical contact network in which numerous units
mutually interfere, a small number of independent units alone can realize sufficient functional degrees of
freedom and high information density”. Rather than employing randomly accumulating components and
relying on statistical behavior, our strategy deterministically redefines system behavior by structurally
constraining the operating range of a small number of spatially isolated units. From our perspective, this
strategy can also be applied to crack devices currently based on multi-crack percolation, paving the way for
an interesting approach that fundamentally reduces the number of cracks, thereby restricting conductive
pathways to a small number of structurally defined bottlenecks. In this case, the conductive response is
governed not by the statistical averaging of numerous cracks but by a few intentionally defined cracks, and
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the resistance change can be interpreted as a discrete transition characterized by a well-defined critical strain
rather than probabilistic percolation in previous studies.

Here, we propose a strategy that transforms a multi-crack network into a deterministic small-number crack
architecture by employing micro-nano structural interfaces. In our study, a metal layer on a soft substrate
exhibiting distributed cracking behavior was defined as the reference system, and a micro-scale U-shaped
notch was introduced to spatially confine crack initiation sites via programmable photopolymerization,
thereby fixing the locations of conductive bottlenecks. Although stress concentration was amplified by
creating U-shaped converging notches, additional cracks were generated outside the notched regions during
tensile loading, which again exhibited multi-crack-network behavior. To resolve this, a hexamethyldisiloxane
(HMDSO)/metal bilayer structure was introduced to guide cracks into specific regions; however, during
cyclic tensile loading, a transition in fracture mode was observed, in which irreversible delamination (i.e.,
interfacial cracking) occurred at the opening interfaces instead of reversible crack opening (i.e., cohesive
cracking). To address these issues in crack devices, we present a combined multiscale interface with a
microscale U-shaped notch channel and nanoscale pillar structures, which can enhance substrate/HMDSO
interfacial adhesion and structurally suppress delamination over cyclic tests. As a result, the dominant
fracture pathway was programmed to be notch-confined crack opening, thereby enabling a stable crack
architecture in which only a small number of structurally defined cracks determine the conductive state. Our
structure exhibited low hysteresis and improved cycling stability, and displayed discrete transition behavior
at a well-defined critical strain. Significantly, the conductive response is not continuously modulated by
probabilistic percolation but is selectively switched off and on by the opening and closing of structurally
defined cracks. This mechanism demonstrates that only a few crack-based elements can be exploited as
deterministic mechanical switching that deterministically control conductive channels in response to
mechanical input in deformable electronics.

EXPERIMENTAL

Fabrication of soft substrates with U-shaped micronotches

An ultraviolet (UV)-curable resin (NOA 73, Norland Products) was used for the fabrication of deformable
substrates. The resin was coated to a uniform thickness of approximately 100 pm, which was defined as the
reference thickness to ensure a stable z-directional distribution of UV intensity and reproducible
notch-bridging formation depth. UV patterning was performed using our recently reported digital
micromirror device (DMD)-based maskless projection system"*’. To generate U-shaped notches, the
exposure dose was adjusted to induce partial curing in regions exceeding the depth of focus (DOF) while
maintaining in-plane pattern resolution. For this purpose, the upper bound of UV energy required to
preserve the planar resolution of the curing pattern was predetermined, and exposure conditions were found
within this range. The UV intensity was set to 409 mW/cm?, and the exposure time was fixed at 0.6 s,
resulting in a total exposure dose (dose = I x t) of 245.4 mJ/cm?. These conditions were identified within a
process window where upper gap retention and lower bridging formation were simultaneously achieved
[Supplementary Video 1]. After exposure, uncured resin inside the notch region was removed by mild
acetone immersion for 10 s at room temperature, followed by a fresh ethanol rinse to eliminate residual
uncured resin. A subsequent UV post-curing step was then performed for 60 min to ensure complete curing
and structural stabilization of the surrounding matrix.

Plasma treatment for nanostructuring

Plasma treatment was performed to enhance polymer-HMDSO interfacial adhesion. The purpose of the
treatment was to form nanoscale surface structures on the soft substrate”", thereby increasing the effective
contact area with the HMDSO layer later. In particular, under the condition without nanostructuring (i.e.,
Cond. 3), interfacial delamination at the HMDSO layer was observed during cyclic tensile loading. To
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address this issue, a plasma-induced nanostructuring (i.e., Cond. 4) was introduced. Plasma treatment
induced modifications in surface topography as well as surface properties (mechanical strength, hardness,
and surface energy), which can alter the stress-mismatch conditions at the interface with the HMDSO layer.
Excessive stress mismatch may lead to wrinkle formation; therefore, process optimization is required. The
plasma treatment time was set to 200 s as the baseline condition, and additional conditions of 100 and 300 s
were evaluated for comparison. The process was conducted under O, RF glow-discharge plasma conditions

(20 mTorr, 50 W and 20 sccm).

HMDSO and Pt deposition

HMDSO was employed as a brittle interlayer to induce crack formation. The HMDSO thin film was
deposited using plasma-enhanced chemical vapor deposition (PE-CVD) with a thickness of 120 nm. The
thickness of the HMDSO layer is a parameter influencing crack-initiation stability and interfacial stress
conditions. Pt was used as a conductive electrode layer for electrically measuring the open/close behavior
associated with crack formation. The Pt thin film was deposited by vertical sputtering. The thickness of the
Pt layer was 30 nm. The thickness was determined by balancing electrical continuity and crack sensitivity.
When the Pt layer is thin, the initial resistance increases, but the sensitivity to crack formation is enhanced,
leading to more pronounced switching behavior. Conversely, increasing the thickness generally improves
electrode continuity; however, resistance variation tends to become more gradual, which may weaken abrupt
switching behavior depending on the fracture mode.

Tensile testing setup

A precision linear-stage-based tensile system was configured for simultaneous electromechanical
measurements. The specimens were clamped at both electrode pads to ensure load transfer along the tensile
direction, and the initial gauge length (L,) was set to 1.5 mm. Two tensile modes were employed. First, the
monotonic tensile test involved continuous tensile loading at a constant speed to evaluate the behavior up to
mechanical fracture or electrical disconnection. Second, the cyclic tensile test was used to assess cyclic
stability and hysteresis by stretching the specimen to a target strain, then repeating loading-unloading cycles.
The tensile speed was set to 0.01-1 mm/s and carefully adjusted depending on the measurement objective.
The applied strain range was 10%-100%, and tests were conducted using stepwise increases in strain to
evaluate the structure’s mechanical stability and conductive transition behavior.

Electrical measurement

Electrical resistance was measured using a two-point probe configuration. The devices fabricated in this
study exhibited initial resistances on the order of several kQ, which increased to several MQ upon crack
opening. Therefore, the two-point measurement method was considered sufficient in terms of measurement
accuracy. Because the two-point configuration can be sensitive to contact resistance and variations in clamp
conditions, the contact pressure between the electrode pads and the clamps was standardized to maintain
consistent contact conditions. In the tests, screw-type clamps were used, and the same applied torque
condition of 0.200 + 0.001 Nm was consistently applied to all devices. Prior to the main measurements, all
specimens were subjected to an initial preconditioning cycle until the baseline resistance stabilized at
approximately 3 kQ. This procedure was introduced to eliminate the initial microcrack stabilization regime
and to standardize all specimens under the same baseline condition before comparative measurements. All
electrical responses are reported as normalized resistance ratios (R/R,), where R, denotes the baseline
resistance measured after preconditioning. This normalization ensures that device-to-device variations in
absolute initial resistance, which may arise from the intentionally high sputtering pressure (~55 mTorr) used
during Pt deposition, do not affect the comparative interpretation of crack-opening behavior and switching
reproducibility.
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Data acquisition and signal processing

Resistance data were logged in real time in synchronization with tensile deformation. The data acquisition
software included a median-filter-based noise-reduction function for signal stabilization, and a cutoff filter
option was applied when necessary. The determination of the open state (conductive disconnection) was
performed based on a predefined resistance threshold. The strain at the crack-open state, ¢,,,,, was defined as
the strain at which the resistance exceeded the specified cutoff value. In this study, R 2 10 MQ was adopted as
the criterion for the crack-open state. This threshold was determined considering the upper measurement
limit of the instrumentation and the background noise level.

Image processing and analysis

Scanning electron microscopy (SEM) images were analyzed using the ImageJ Ridge Detection plugin (¢ =
1.94, lower threshold = 1.70, upper threshold = 4.59, line width = 9) to quantify crack length, width, and
orientation. Crack segments shorter than 100 nm were excluded, as they cannot be reliably distinguished
from surface contrast noise at the SEM resolution used in this study.

RESULTS AND DISCUSSION

From distributed crack networks to pathway-controlled few-crack architecture

The schematic illustrations in Figure 1 describe the transition from multi-crack-network-based behavior to
mechanical switching based on a small-number-crack architecture, in which the fracture pathway is
selectively and locally controlled. In the reference structure (i.e., Cond. 1 in Figure 1A), where a thin Pt layer
is deposited on a planar NOA substrate, numerous cracks form in a spatially distributed manner as the
tensile load increases (here, unidirectional loading). The cracks primarily align perpendicular to the direction
of tension, although randomly generated cracks also coexist and exhibit an overall statistical distribution
[Supplementary Figure 1]. As a result, the network formed by these multiple cracks alters the conductive
pathways, and the electrical response is determined by collective percolation behavior. The strain-resistance
curve exhibits a macroscopically continuous and averaged increase, while the opening and closing behavior
of individual cracks is integrated into the overall network response.

To spatially confine crack initiation through stress concentration, a microscale U-shaped notch was
introduced into the substrate on which a metal crack layer was formed (i.e., Cond. 2). This geometry was
selected because its stress concentration factor is relatively lower than that of a V-shaped notch, providing
more favorable conditions for fracture-mode control. In this structure, cracks in the metal layer were
confirmed to initiate preferentially near the notch; however, as tensile strain increased, additional cracks
emerged in regions outside the notched area. This indicates that while the notch can induce crack initiation,
it cannot fully control crack propagation or subsequent crack-generation pathways. Consequently, the
conductive response continued to exhibit multi-crack network behavior, and complete crack localization was
not achieved.

To further concentrate crack formation within the notched region, an HMDSO-based brittle interlayer was
introduced above the entire surface of the notched substrate (Cond. 3: notched substrate/ HMDSO/Pt layer).
This modification was intended to reorganize the stress distribution and guide cracks toward a specific
location. However, during cyclic tensile loading, a fracture-mode transition was observed, with interfacial
delamination at the HMDSO-soft substrate interface becoming dominant. The strain-resistance response
exhibited irreversible increase and hysteresis, indicating that the crack-localization strategy activated a new
interfacial fracture pathway. These results suggest that the phenomena lie not merely in stress concentration,
but in how the energetic priority among competing fracture pathways is redistributed.
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Figure 1. From distributed crack sensors to confined cracks for mechanical switching. (A) Three crack-device configurations. Cond. 1: a
metal crack layer formed on a flexible flat substrate. Cond. 2: a metal crack layer formed on a U-shaped notch. Cond. 3: a metal crack layer
formed on a flexible notched substrate incorporating a brittle interlayer (HMDSO). Cond. 1and Cond. 2 exhibit conventional crack-based
resistive sensing behavior as a function of applied strain. In contrast, Cond. 3 shows an abrupt resistance increase (up to ~10 MQ) due to
crack opening prior to substrate fracture; however, cyclic reliability is limited due to interfacial delamination; (B) Micro—nano structural
strategy for fracture pathway control. Cond. 4: A confined metal crack layer on a microscale U-shaped notch combined with plasma-
induced surface nanostructuring suppresses interfacial delamination of the HMDSO/metal films and enables stable crack opening and
closing, thereby establishing mechanical switching behavior. HMDSO: Hexamethyldisiloxane.

Accordingly, the central proposition found in these demonstrations is as follows: merely introducing a
micro-scale U-shaped notch is insufficient to control crack localization, and the energetic competition
between cohesive cracking in the metal film layer during crack opening and delamination under interfacial
crack modes (i.e., Mode I vs. IT) must be redesigned to guide the dominant fracture pathway selectively. To
address this issue, as shown in Figure 1B, we introduced micro-nano interfacial structuring (Cond. 4).
Nanoscale surface roughness was generated on the surface of the soft polymeric substrate via plasma
treatment®'), thereby increasing the interfacial contact area with the HMDSO layer and enhancing
mechanical interlocking. Within such structures, the critical energy for interfacial fracture increases, thereby
suppressing the delamination pathway (i.e., interfacial crack propagation) in our current crack device in a
similar manner. The fracture pathway of the metal layer is reselected to the notch-confined crack-opening
mode, and cracks localize to a small number of structurally defined positions. Consequently, the conductive
state is governed by a few cracks, and the resistance response exhibits a discrete transition with low hysteresis
at a well-defined critical strain. Overall, Figure 1 conceptually summarizes the transition from the statistical
percolation behavior of multi-crack networks to a strategy that selectively programs the dominant fracture
pathway by structurally redesigning the competition between interfacial energy and fracture pathways. This
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approach does not merely reduce the number of cracks; rather, it reconstructs the energetic landscape of
competing fracture modes to deterministically define conductive pathways, thereby establishing the
foundation for crack-confined switching in which deformation operates not as continuous resistance
modulation but as selective switching of conductive states.

DOF-engineered notch fabrication via off-focus slit convergence

Figure 2 presents the design mechanism of U-shaped microscale notches to confine crack initiation in our
strategy. In this study, we demonstrate a photocuring-based manipulation of notches using our light-writing
setup”, here applying a proximity effect that transforms the optical DOF into an active design parameter.
The DOF of an optical system is determined by the numerical aperture (NA) of the lens and the operating
wavelength (1), and can generally be approximated as"*”

A

DOF = NAZ® (1)
representing the effective z-directional range around the focal plane within which the pattern geometry is
maintained. In general, as NA increases, the DOF decreases. When the working plane of the specimen is
positioned within the DOF range, as illustrated in Figure 2A, the two slit patterns in the virtual mask are
optically reproduced as separated features (see the yellow line in the orthogonal view of the projected UV
patterns), which in turn forms a void region at the focal plane with a sample having sufficiently large height
(here, the thickness of UV resin film ~100 um). Our experimental visualization shows that, as in Case 1 (i.e.,
for focal plane at z, =0 pm) in the figure, a discontinuous region of approximately 18 pm along the z-direction
is observed inside the polymerized structure in the SEM image, which corresponds to the DOF ~18 ym in the
orthogonal views of the projected UV patterns. Under this condition of z, =0 um, the light intensity
distribution remains most confined near the focal plane, and light intrusion into the gap region between the
slits is minimized, thereby maintaining structural separation along the depth direction.

In contrast to this conventional operation, as illustrated in Cases 2 and 3, we intentionally introduced a
defocus offset (Az) along the z-axis of the specimen and used the change in the light-intensity distribution
under conditions beyond the DOF range as a design variable. Specifically, when the specimen is displaced
from the focal plane either upward (+Az) or downward (-Az), the projected UV pattern spreads along the z-
direction due to diffraction and geometric divergence, and the optical field around the slits gradually
expands in depth. As a result, the light intensity distribution near the gap region between the slits evolves
from the previously separated state at a single plane and tends to overlap along the depth direction. In
particular, under conditions with a non-zero Az, overlap of the optical field occurs asymmetrically along the
depth direction. When the specimen is positioned above the focal plane, converging rays first overlap in the
upper region, forming a U-shaped structure connected to the bottom (Case 2). Conversely, when the
specimen is positioned below the focal plane, diverging rays overlap in the lower region, resulting in an
inverted U-shaped structure connected from the top (Case 3).

In optics, this slit convergence phenomenon is governed by the NA, 2, and Az, and can be quantitatively
described using a Fresnel diffraction-based optical propagation model (see the simulation and measurement
results in Supplementary Figure 2). Figure 2B directly correlates the predicted DOF-based notch formation
mechanism with experimental observations. Optical propagation simulations were performed to calculate
the Az-dependent redistribution of light intensity, from which the location and geometry of slit overlap were
quantitatively predicted. For photopolymerization simulation, defocus-induced blurring was approximated
using Gaussian convolution, with the blur width determined by the combined diffraction and geometric
divergence components. This analysis visualizes the progressive lower-region overlap and gap invasion in the
x-z plane [Supplementary Figure 3], confirming that bridging formation is a deterministic optical
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Figure 2. Fabrication of a U-shaped notched substrate using a photocurable material. (A) Orthogonal view of the projected UV intensity
distribution with respect to the position of the sample focal plane (z;). The inset shows experimentally measured light intensity profiles.
Using a 20X objective lens, a DOF of approximately 18 um is observed in the x-z plane. Case 1-3 illustrate representative photocured
structures obtained at different z, positions, resulting in a central void, a top-surface notch, or a bottom-surface notch, respectively; (B)
Comparison between simulated photocured structure profiles and experimental results. The inset shows the notch depth generated at
different z, values; (C) Programs for controlling the periodicity and notch angle. UV: Ultraviolet; DOF: depth of focus.

consequence of Az rather than a process fluctuation. In such a strategy, the resin thickness is a critical process
parameter. Under the 100 pm thickness condition, the position at which the upper gap is preserved and the
depth at which bridging forms are determined by the z-directional attenuation and diffusion of light
[Supplementary Figure 4]. As the thickness increases, absorption and scattering effects may shift the overlap
region, potentially affecting the effective notch depth and the position of the stress concentration. The slit
gap itself is also highly geometry-sensitive. When the gap is reduced to 5-7 um, optical overlap occurs more
readily, potentially decreasing the notch depth. Conversely, when the gap is increased to 12-15 um,
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insufficient lower bridging may occur, weakening structural connectivity. The 10 pm gap selected in this
study was identified as a balanced condition that maintains the upper separation while enabling stable lower
bridging formation.

Through this parametric design study, Figure 2C presents the results obtained by systematically varying the
spacing between notches, and array angle within the virtual mask. Modulating the slit linewidth adjusts the
width of the convergence region and the notch opening width, while the slit spacing determines the notch
depth and the critical Az window for structural connection. In addition, tuning the slit array angle enables
control over the notch opening angle and the direction of stress concentration. These results demonstrate
that the notch geometry is not fixed as a single configuration but is continuously tunable within an optical
parameter space. Accordingly, the notch width, depth, and opening angle can be defined as independent or
coupled design variables, representing a transition from simply inserting defects to engineering the fracture
initiation geometry itself. In this study, the notch geometry was selected as a representative working
geometry that balances notch-confined crack opening and conductive continuity, rather than as a fully
optimized configuration across all geometric parameters. Within a practical notch-depth working regime,
the switching response was preserved during repeated cycling even for specimens with intentionally deeper
notches [Supplementary Figure 5]. A comprehensive optimization coupling notch width, depth, and opening
angle with fracture-mechanics analysis remains an important direction for future work. Whereas
conventional notch fabrication methods rely on mechanical milling®”, laser processing®", or etching””' to
form shapes in post-fabrication, the present approach actively employs optical DOF and energy distribution
as design parameters to define structure formation.

Electrical response and fracture-mode competition in notch-engineered crack systems

As shown in Figure 3, a Pt film was deposited onto the previous structures (i.e., Cond. 1-3), and the electrical
response under tensile loading was monitored in real time. To precisely validate the crack-based behavior, an
automated electromechanical measurement system was constructed using a motorized linear stage [Figure
3A], enabling high-precision synchronization of tensile strain and resistance variation. Considering the
possibility that the conductive pathway may be significantly altered, the measurement setup was configured
to sensitively analyze the correlation between crack-initiation events and resistance changes, specifically
those expected in the tests with samples in Cond. 3. The SEM image in Figure 3B shows the top surface of the
sample in Cond. 3, where the crack is monitored in the U-shaped notch area, while some aligned crack lines
are also shown along the tensile loading direction.

The electrical characteristics of the reference structure (i.e., Cond. 1), in which Pt was deposited on a planar
substrate, were first evaluated as presented in Figure 3C. As tensile strain increased, randomly distributed
multiple cracks formed at multiple locations, and the resistance increased continuously with increasing
strain. The initial resistance was approximately 1.1 kQ, and physical fracture of the sample occurred at a
strain of ¢ ~ 168%. Prior to fracture, the relative resistance ratio (R/R,, where R, is the initial resistance of the
sample) reached approximately 55, representing a typical sensor-type response characterized by continuous
resistance variation over a wide strain range. In the structure with a microscale U-shaped notch (i.e., Cond.
2), the resistance response to mechanical deformation initially exhibited a trend similar to that of Cond. 1.
Due to the presence of the notch, fracture occurred rapidly at e ~ 50%, and R/R, increased with a nearly
constant slope until fracture. In the cyclic tests for both samples (Cond. 1 and 2) in a small strain regime (¢ <
30%), the resistance changes followed a linear and averaged response, and no discrete on-off transition in
electrical signals was observed (see the lower two plots in Figure 3C).

It should be noted that in the sample incorporating an HMDSO layer at the notch (i.e., Cond. 3), electrical
switching was observed prior to mechanical fracture during tensile loading, as a few cracks opened. As
shown in Figure 3D, the resistance sharply increased at approximately ¢ ~ 8%, resulting in a loss of
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Figure 3. Electrical characterization of crack-based devices. (A) Schematic illustration of the electromechanical characterization platform
for simultaneous tensile and electrical measurements of U-shaped notch specimens under uniaxial loading. (Right) Top-view enlarged
image of the sample fixation region (top) and cross-sectional schematic of the clamp configuration (bottom). The schematic depicts the
polyimide double-sided adhesive layer between the specimen and the clamps, the two-point measurement configuration contacting the Pt
electrode pads, and the screw-type clamping that maintains uniform contact pressure across all specimens. The active sensing region is
rectangular (200 um X 1.5 mm), with the U-shaped notch positioned at its geometric center; (B) SEM image of a Cond. 3 device at ~16%
strain. The notch structure and crack formation are observed, with multiple cracks on the surface. These stripe-like features are not cracks
but buckling-driven delamination morphologies; (C) Electrical response of Cond. 1and Cond. 2 devices. The resistance increases gradually
with applied strain, similar to conventional crack-based resistive sensors. The notched sample showed an earlier mechanical fracture; (D)
Electrical response of the Cond. 3 device. A sharp resistance increase (up to ~10 MQ) occurs at ~8% strain, corresponding to a crack-
opening behavior prior to substrate fracture; (E) Cyclic tensile test of the Cond. 3 device, showing a mismatch between the strain at crack
opening (g,,,,) and closing (g,,..); (F) Evolution of .., and €,,.,, characterized at R/Ro =10 over 10 cycles. The values fluctuate and do not
converge from cycle to cycle; (G) SEM image showing interfacial delamination of the HMDSO and metal films from the polymer substrate.
SEM: Scanning electron microscopy; HMDSO: hexamethyldisiloxane.

conductivity. This suggests that the notch-confined crack can enable tension-induced switching behavior.
However, unfortunately, under repeated loading-unloading cycles, this device exhibited pronounced
hysteresis loops and cycle-to-cycle drift, as shown by the 1st, 5th, and 10th loading-unloading cycles of the

same device (L1, L5, L10 in Figure 3E). Notably, ¢, progressively shifts toward higher strain values with

open
increasing cycle number, directly demonstrating that the switching strain in Cond. 3 is not stably maintained
but instead drifts cycle-to-cycle. In particular, both discrepancies between ¢, and ¢, defined at a specific

open

resistance ratio of R/R, = 10 for crack opening and closing during loading and unloading, respectively, and
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cycle-dependent variations, were observed [Figure 3F]. These results indicate that under repeated loading,
although the substrate notch enables early crack opening along the notch direction, the crack-opening mode
does not remain energetically dominant; instead, a competitive transition to interfacial delamination occurs
[Figure 3G], ultimately leading to failure under cyclic operation. This result demonstrates that geometric
stress concentration alone is insufficient to secure deterministic behavior based on a small number of cracks.
Notably, a competitive relationship exists between crack opening within the thin film and interfacial
delamination, and when interfacial adhesion strength is not sufficiently secured, delamination can be
selected as the dominant fracture mode®**”). Once a crack propagating within the film reaches the film-
substrate interface, if the interfacial adhesion strength is low, the crack deflects and propagates along the
interface, thereby causing delamination. In general, as an interfacial crack advances, the in-plane shear-
dominated fracture component (Mode II) increases, promoting delamination along the interface.
Furthermore, when the substrate surface is not perfectly flat and contains undulations or defects, increasing
strain can activate the out-of-plane fracture component (Mode I). The enhancement of Mode I-driven
interfacial crack opening further accelerates interfacial delamination and becomes a major contributing
factor to its progression. Therefore, the stable implementation of few-crack-based deterministic switching
requires not only a precise definition of the crack initiation geometry but also a structural redesign of the
energetic hierarchy among the competing fracture pathways.

Reversible crack-based mechanical switching via multiscale fracture pathway control

We experimentally demonstrate that a multiscale strategy, i.e., combining microscale U-shaped notch-based
geometric control with nanoscale interfacial structuring, can transform a crack-based device into a reversible
mechanical switching architecture by redesigning the energetic hierarchy of competing fracture pathways as
presented in Figure 4. To do this, nanoscale surface roughness was introduced onto the polymer substrate via
plasma treatment, as illustrated in Figure 4A. First, nanoscale structures formed perpendicular to the
interface, originating from the plasma-etched substrate, increase the effective interfacial area between the
film and the substrate, thereby enhancing interfacial adhesion. In addition, even if a film crack partially
transitions into an interfacial crack, its propagation along the interface is suppressed by the nanoscale
structures. This effect arises because the out-of-plane fracture component (Mode I) of the interfacial crack is
effectively constrained, thereby hindering crack propagation.

Atomic force microscopy (AFM) analysis in Figure 4B confirms the formation of nanoscale structures on the
soft substrate after plasma treatment, and the increase in root-mean-square (RMS) roughness, together with
changes in interfacial contact characteristics, support an increase in the critical condition for interfacial
fracture. While this roughness increase is beneficial for interfacial adhesion, it is important to note that,
although the RMS roughness increased to approximately 24.2 nm immediately after plasma treatment,
subsequent deposition of 120 nm HMDSO and 30 nm Pt reduced the surface RMS roughness to
approximately 16.6 nm, as the deposited films conformally follow the envelope of the underlying
nanostructures [Supplementary Figure 6]. Accordingly, the elevated initial R, observed in this study is more
directly attributable to the intentionally high sputtering pressure (~55 mTorr) used during Pt deposition,
which promotes a more porous-like microstructure and higher sheet resistance, rather than to surface-
roughness-induced disruption of the percolation network. Multi-device statistics further support that this
elevated resistance level is a reproducible feature of the selected deposition condition. The Notched Cond. 4
specimens exhibited an initial resistance of 3.68 + 1.73 kQ (n = 7) prior to preconditioning, whereas the
Notch-free Cond. 4 control fabricated by the same process exhibited 2.53 + 0.47 kQ (n = 5), both within the
same kQ range [Supplementary Figure 7]. The larger variability of the Notched Cond. 4 is consistent with the
localized geometric bottleneck introduced by the notch, rather than with instability of the Pt deposition
process. These structural modifications reconstruct the fracture energy landscape, suppressing the
delamination pathway and maintaining notch-confined crack opening as the energetically dominant mode.
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Figure 4. Fracture-pathway control through multiscale interface engineering. (A) Schematic illustration of the fabrication process. Oxygen
plasma treatment generates nanoscale structures on the etched polymer surface. Subsequent deposition of HMDSO forms strong
interfacial adhesion through mechanical interlocking; (B) AFM images. (Left) Nanoscale surface structures formed after plasma etching.
(Right) Surface morphology after HMDSO/Pt deposition; (C) SEM images at 16% tensile strain and after strain release. Crack formation is
suppressed on the planar region outside the notch, and film delamination at the notch is significantly reduced. Upon unloading, structural
conformity between the separated crack faces is maintained; (D) Electrical characterization results. (Left) Under monotonic tensile
loading, the crack opens at ~18% strain. (Middle) Cyclic tensile test over 10 cycles, showing convergence of €,,,, and €, with increasing
defined at R/Ro =10. The average Ag (= &,,,, - &,.,) over 10 cycles is 1.06% £ 0.44%,
indicating a small strain hysteresis. HMDSO: Hexamethyldisiloxane; AFM: atomic force microscopy; SEM: scanning electron microscopy;
PECVD: plasma-enhanced chemical vapor deposition.

cycle number. (Right) Evolution of €., and €

open closer

To verify this mechanism, as shown in Figure 4C, the sample, fixed on a tensile jig, was deformed and then
placed in the SEM to observe cracks confined to the notch area. As the strain increased, cracks initiated and
opened in a limited number along the notch direction, and no interfacial delamination was observed upon
load removal. Moreover, upon reclosure, the opposing crack faces exhibited good morphological conformity
with well-matched crack interface contact. This indicates that the multiscale interfacial design stabilizes the
crack-opening mode as a reproducible pathway under cycling operation [Supplementary Figure 8].
Collectively, these results clarify the respective roles of the three key structural components: (i) the U-shaped
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notch acts as a geometric stress concentrator that defines crack initiation locations; (ii) the brittle HMDSO
interlayer induces a cohesive fracture pathway for crack-mediated conductive transition; and (iii) the
plasma-induced nanostructure suppresses interfacial delamination and provides cyclic interfacial stability
[Supplementary Figure 9].

The electrical characteristics also clearly reflect this behavior. Under monotonic tensile loading, the
resistance of a representative Cond. 4 device sharply increased and reached the open-state threshold
(R =210 MQ) at a critical strain of ¢ ~ 18%, indicating switching to the off-state induced by crack activation
(left plot in Figure 4D). During cyclic loading-unloading (cycles 1-10), the device exhibited progressive
stabilization of the switching strain. Initially, the crack-opening strain and crack-closing strain were
approximately 16% and 12%, respectively; after 10 cycles, these values converged to ~8%, indicating that
crack opening and closing occurred at closely similar strain levels. Over the 10 cycles, the average strain

difference at R/R, = 10 (i.e., Ae = ¢ ) was 1.06% =+ 0.44%, indicating low hysteresis and improved cyclic

open gclose
consistency. Therefore, in our crack device, deformation no longer acts as a sensing input that induces
continuous resistance modulation, but instead functions as a mechanical switching input that selectively

switches the on-off state of conductive channels.

Reproducible mechanical switching with cyclic stability
To further examine the rapid stabilization behavior observed in the early cycles (s, = &,

operation, cyclic tensile-release tests up to 210 cycles were performed on both Cond. 3 and Cond. 4 samples,
as shown in Figure 5. The experiments were conducted under three distinct regimes with different loading

) under long-term

speeds, and the base resistance ratio was tracked for each cycle, defined as R/R,, where R is the resistance at
the crack-closed-state of each cycle [Figure 5A]. The 210 cycles were divided into three regimes as follows:
Regime 1: tensile speed v = 0.1 mm/s, displacement = 0.2 mm; Regime 2: v = 0.5 mm/s, displacement =
0.1 mm; Regime 3: v = 1 mm/s, displacement = 0.1 mm. For the Cond. 3 sample, the base resistance ratio
continuously evolved during cyclic loading and exhibited unstable fluctuations ranging from 10 to 100 times
the initial resistance, which is a long-term manifestation of the same interfacial-delamination-induced
instability responsible for the cycle-to-cycle switching strain drift observed in Figure 3E. This behavior
originates from the inability to maintain a stable crack-closed state, as the delaminated film layer (including
the metal and HMDSO layers) fails to fully follow the repeated deformation of the substrate. During cyclic
tensile-release operation, the delaminated film remains largely separated from the substrate and only
intermittently re-establishes contact, resulting in unstable and irregular electrical responses. This indicates
that the device cannot reliably track real-time mechanical deformation under repeated loading conditions.
To further isolate the role of the U-shaped notch in this instability, a control experiment on a flat substrate
without a U-shaped notch under identical Cond. 4 conditions [Supplementary Figure 9] confirmed that
while a partially switching-like response is achievable through the HMDSO fracture pathway alone, the
absence of a geometric stress concentrator leads to progressive baseline drift during cycling [Supplementary
Figure 9B], demonstrating that the notch functions primarily to spatially localize crack initiation and stabilize
cycle-to-cycle behavior rather than to generate switching itself. In contrast, the Cond. 4 sample incorporating
the micro-nano interfacial structuring maintained a stable base resistance ratio across all three loading
regimes, with no noticeable drift over the 210 cycles. To further evaluate long-term reliability, an extended
1000-cycle test was performed on a representative Cond. 4 device [Supplementary Figure 10]. Over 1,000
cycles, the binary-like on/off switching function was maintained without catastrophic failure, although a
finite closed-state baseline drift remained, with the closed-state R/R, increasing gradually from 0.93 at cycle 1
to 3.17 at cycle 1,000. The switching contrast, however, was preserved: after crack opening the open-state
R/R, reached approximately 1.15 x 10° (instrument upper limit, ~10 MQ), while during cycles 991-1,000 the
closed-state R/R, remained at 3.26 + 0.05. An off-/closed-state resistance separation of approximately 3.5 x

10° was thus retained even after 1,000 cycles, indicating that a distinguishable binary readout is preserved
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Figure 5. Cyclic stability of crack-based mechanical switching. (A) Cycle-by-cycle baseline R/Ro of Cond. 3 and Cond. 4 over 210 cycles
under three tensile speed conditions (0.1, 0.5, and 1.0 mm/s). Three independent Cond. 4 devices are shown overlaid (Device 1: range
0.84-1.24, mean 1.04; Device 2: range 0.80-2.01, mean 1.33; Device 3: range 1.01-3.70, mean 2.19), in clear contrast to the long-term cyclic
drift of a single Cond. 3 device (mean R/Ro=15.5, maximum up to ~110). Inset shows the normalized switching strain (&,,..,/<€,pen>ctcas,) 3S 2
function of cycle number for the same three Cond. 4 devices, demonstrating convergence to unity within the initial ~10 cycles and stable
maintenance thereafter; (B) Resistance—time curves of the Cond. 3 sample during cyclic loading and unloading. Although loading and
unloading occur over identical time intervals, resistance recovery is delayed. This delay is attributed to contact re-formation kinetics of the
delaminated film rather than mechanical recovery of the substrate; (C) Resistance—time curves of the Cond. 4 sample during cyclic loading
and unloading. The device exhibits rapid and synchronized on-state and off-state switching in response to mechanical deformation.

despite the residual drift [Supplementary Figure 10A inset]. The cycle-by-cycle ¢, averaged 3.58% = 0.20%
(range: 2.33%-4.18%) over 1,000 cycles [Supplementary Figure 10B], supporting the proof-of-concept-level

reproducibility of the crack-opening threshold.

Figure 5B and C present representative tensile-release responses for Cond. 3 and Cond. 4, respectively. The
black dashed lines represent the applied mechanical strain profile, while the lines with circular markers
correspond to the measured resistance response. The Cond. 4 device exhibits rapid and synchronous
electrical tracking of the cyclic substrate deformation, and the opening and closing of the crack are
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consistently reproduced across cycles. These results demonstrate that the proposed multiscale fracture
pathway control strategy stabilizes crack opening as the energetically dominant mode, thereby enabling
reliable mechanical switching under repeated loading. Accordingly, the threshold-like switching behavior,
hysteresis suppression, and baseline stability observed in Cond. 4 are not merely electrical performance
metrics, but direct consequences of the fracture-pathway engineering achieved through the multiscale
structural design.

CONCLUSION

In this study, we presented a multiscale strategy to effectively confine dense, randomly distributed crack
networks, thereby spatially confining a few cracks for deformable electronics. It suppressed the interfacial
delamination of thin conducting films from the soft substrate, which was common in crack devices under
cyclic mechanical deformation. We demonstrated the fracture-pathway control strategy with a multiscale
architecture via a two-step process: fabrication of a microscale U-shaped notch channel by photocuring,
followed by the formation of nanoscale surface structures on the substrate via plasma treatment. Our device
showed suppression of delamination caused by enhanced interfacial adhesion through mechanical
interlocking between the soft substrate and the deposited thin film, under cyclic deformation in our tests.
The proposed multiscale device exhibited abrupt resistance changes and low hysteresis during repeated crack
opening and closing. Based on these findings, we suggest that fracture pathways can be structurally
programmed to convert statistically governed crack networks into deterministic switching elements,
providing a fracture-pathway design principle that reframes cracks not as stochastic sensing features but as
programmable switching elements. We emphasize, however, that the present work is primarily a mechanics-
and fabrication-focused proof-of-concept, demonstrating deterministic crack-opening/closing behavior
under uniaxial loading. Translating this strategy into practical deformable electronic systems, such as
wearable electronics or smart textiles, will require validation beyond the present scope - in particular,
operation under multiaxial and out-of-plane deformation, environmental stability against temperature,
humidity, and chemical exposure, fatigue resistance well beyond 10° cycles, and integration with readout
circuits for circuit-level signal gating. Building on the high structural design freedom of the present maskless
fabrication platform, these directions - together with multiaxial or two-dimensional switching architectures -
represent promising avenues for future work.
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