
npj | flexible electronics Article
Published in partnership with Nanjing Tech University

https://doi.org/10.1038/s41528-025-00497-2

Logic-device-inspired mechanical
computing system based on three-
dimensional active components

Check for updates

Jun Hyun Park1,9, Jang Hwan Kim3,4,9, Ha Uk Chung5,9, Jun Seok Choe1, Hyokyeong Kim6, Su Eon Lee1,
Simon Kim1, Ho Jun Jin1, Jiwoong Kim6 , Heon Lee7 , Jaehwan Kim8 & Bong Hoon Kim1,2

Mechanical computing, utilizing mechanical deformation to perform calculations, has attracted
significant attention as an innovative computing strategy for achieving high accuracy and exceptional
physical robustness. However, its reliance on passivemechanical displacement limits its applicability
for complex computations. This study presents a novel system that enables active light signal
modulation through reversible mechanical deformation by integrating soft and 3D electronics. The
proposed system features: 1) Optical fibers with optimized 3D cracks embedded in a low-modulus,
high-elongation material, enabling strain-induced multimodal transitions. 2) Maximized stress
concentration on the cracked fibers under strain, allowing them to function as active components for
light modulation, which facilitates complex logic calculations and validates truth tables. 3)
Multifunctional vibration sensing capabilities, illustrating the scalability of strain inputs and the
potential for dynamic applications, such as soft robotics. These findings underscore the potential of
this approach as a computational platform for mechanical motion-based technologies.

Mechanical computing is a data processing and calculation strategy that
relies on the physical displacement and interaction of mechanical devices1.
Owing to the operation mechanism based on mechanical motion,
mechanical computing systems can maintain reliable performance even
under harsh environmental conditions, such as extreme temperatures2,
radiation exposure3, and signal interference4,5. In addition, the precise and
sophisticated design of these systems ensures consistently high calculation
accuracy, enabling computations with minimal errors and enhancing
robustness against external changes6–9. These advantages have made
mechanical computing an attractive technology for applications requiring
precisemechanical deformations, such as advancedmanufacturing systems
and space engineering.

Despite these advantages, several intrinsic challenges remain in
expanding the accessibility and applicability of mechanical computing.
Conventional mechanical computing systems primarily employ high-
modulus, low-elongationmaterials throughout the entire system, except for
specific deformable elements, such as joints10,11. This design provides high
strength and stiffness but makes the system susceptible to repetitive

deformation and material fatigue. Moreover, the inherent limitations of
systems composed of high-modulus materials12–15 pose significant chal-
lenges for dynamic applications, such as wearable devices and soft robotics
involving repetitive movements and complex motions with multi-
dimensional nonlinear deformation. In this context, adopting low-modulus,
high-elongation materials in mechanical computing systems presents a
promising solution16–19, offering flexibility and stretchability. Integrating
low-modulus materials throughout the system ensures reliability even
under repetitive displacement and prolonged loading while achieving
greater spatial freedom of operation under multidimensional nonlinear
deformations20,21. In addition, system configurations with low-modulus
materials enable high sensitivity to environmental changes, supporting
sophisticated and rapid data processing essential for dynamic applications.

Electronic computing systems are typically designed by combining
passive and active components based on the required functions22–24. Passive
components25,26, such as resistors and capacitors, are suitable for transmit-
ting or regulating signals but cannot modulate or amplify signal flow. By
contrast, active components27–29, such as diodes and transistors, perform the
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functions of passive components and enable advanced signal processing and
complex logic calculations bymodulating and amplifying signal flow30–34. In
comparison, mechanical computing systems typically rely on passive
computation derived from the deterministic behavior of mechanical
components35,36. Thus, they are optimized for specific tasks but face chal-
lenges in implementing the active signal modulation capabilities provided
by active components of electronic computers. This limitation leads to
challenges with data processing, dynamic adjustments, and executing
complex operations. Therefore, integrating active components into
mechanical computing systems is necessary to meet the demands of
increasingly complex modern computing tasks and provide adaptable,
dynamic operations in diverse environments.

This study introduces amechanical computing system integrating soft
and three-dimensional (3D) electronics. The system employs mechanically
guided 3D optical fibers as active components to modulate light transmis-
sion for highly complex computations while functioning as a vibration
sensor. The key features of the proposed mechanical computing system are
as follows: ⅰ) The first mechanical computing system incorporating soft
electronics. The intrinsically flexible optical fiber-based mechanical com-
puting system is built on a stretchable silicone elastomeric substrate, which
induces mechanical deformation of optical fiber through substrate elonga-
tion. Incorporating low-modulus andhigh-elongationmaterials throughout
the entire systemenables nonlinear deformation inmultidimensional space.
ⅱ) An active signal modulation capability similar to that of a diode in
electronic computing systems is first demonstrated through the mechani-
cally guided 3D deformation of optical fibers with cracks. The 3D structural
transitions of the cracked optical fiber facilitate multimodal conversion
between the on/off states of light transmission, enabling active light mod-
ulation. The morphology of the cracks is precisely designed to efficiently
alter the light transmission path through stress concentration, as supported
by simulation studies. In addition, multiple 3D multimodal optical fiber
diodes are integrated to successfully execute several complex logical com-
putations. ⅲ) Multifunctionality as a vibration sensor is demonstrated by
detecting vibrations along different axes induced by intentional mechanical
deformation, highlighting its scalability for multiaxis strain input.
Mechanical computing systems incorporating low-modulus and high-
elongation materials enable flexible and stretchable innovative computing
devices for technologies relying on themechanical deformationofmaterials,
such as wearable devices and soft robots. Furthermore, mechanical com-
puting systems integrating active components hold significant potential for
advancing automation and adaptive systems through complex signal
processing.

Results
Logic-Device-InspiredMechanical Computing SystemBased on
3D Cracked Optical Fiber
Mechanical computing device operation follows a conceptual flow where
unit cells constituting the device interact through the input mechanical
deformation and output a transformed state basedon a deterministic nature
(Fig. 1a). This study proposes a novel mechanical computing system in
which themorphological state of optical fiber cracks is determined by input
strain applied to the substrate37–41, and light output with controlled
attenuation is generated.Consequently, these crackedopticalfibers function
as diodes, actively modulating light transmission and distinguishing
between on and off states, serving as active components within the
mechanical computing system.

A diode is an active component in a semiconductor device that allows
current to predominantly flow in one direction by controlling the carrier
(hole or electron) concentration in the depletion region with an applied
voltage bias, as shown in Fig. 1b. The on/off state of the diode is differ-
entiated according to the threshold voltage, defined as the minimum for-
wardbias required for the current to startflowing, beyondwhich the current
begins to flow. Inspired by this operating mechanism, the cracked optical
fiber switches the on/off state of light output by controlling the depletion
level of light-carrying carriers (Fig. 1c). In contrast to designs using two

separate fibers that connect and disconnect under strain, the crack-
engineered single-fiber structure maintains precise core alignment, reduces
misalignment under multi-axial deformation, and allows the switching
threshold to be finely tuned through crack morphology control. Carrier
depletion occurs in cracks intentionally created on the optical fiber surface
and is regulated by the state of the three-dimensional (3D) crack, which
varies with the applied strain. The strain-light-driven optical fiber diodes42,43

can exhibit a rapid light attenuation behavior at the threshold strain,
establishing a criterion to distinguish between the on and off states.

The strain-light-driven optical fiber diode operates through the
deformation of cracked optical fibers attached to a low-modulus and high-
elongation elastomeric substrate44–49. The mechanical properties of the
elastomeric substrate enable it to endure reversible and repetitive defor-
mation.Consequently, the architecture andoperationalmodeof the cracked
optical fibers are altered with the strain applied to the substrate, as shown in
Fig. 1d. The crack of the optical fiber is formed in 3D50–53 on the surface
through a simple laser-cutting strategy, which is discussed in the succeeding
section. The strain release exposes the optical fiber core region, which
determines the light propagation path, leading to the attenuation of light
transmission intensity54–57. The light transmission behavior of cracked
optical fibers under varying strain applied to a pre-stretched elastomeric
substrate is observed in bright field (Fig. 1e, left column) and dark field
(Fig. 1e, right column). The transmitted light intensity attenuates owing to
crack-induced light scattering and light carrier depletion as the applied
strain to the substrate decreases (500, 250, and 0% strain).Moreover, nearly
no light is transmitted into the fiber beyond the crack at conditions below
approximately 180% strain (Fig. 1c). Consequently, the availability of
cracked optical fibers as components of strain-light-driven mechanical
computing devices is confirmed by inducing mechanical deformation and
changing the state of individual cracked optical fibers independently or in
combination by controlling the strain applied to the substrate (Fig. 1f). To
determine the operational threshold for ON/OFF switching, a plot of
transmitted light intensity versus applied strain was constructed. By
applying linear extrapolation to the attenuation region, the intersection
pointwith the intensity baselinewas identified, corresponding to a threshold
strain of approximately 180%. This point was used to define the effective
strain-driven transition between the ON and OFF states of the device (see
details in Supplementary Fig. 7).

Morphological Optimization of 3D Cracks for Effective Light
Attenuation
Mechanical cracks are typically associatedwith structuralweaknesses owing
to stress concentration. Two-dimensional (2D) cracks weaken the strength
and durability of materials and increase the risk of crack propagation,
causing various challenges related to system stability. To address these
problems, significant efforts have been made to effectively eliminate 2D
cracks and maintain the structural integrity of materials. However, the
potential of mechanical cracks as a strategic design element for systems
requiring precise signal control, such as electronic sensors58,59, has been
explored. In particular, 3D cracks offer the advantage of precise control over
stress distribution owing to their high spatial degree of freedom. This
enables nonlinear responses to deformation and effective modulation of
physical elements, such as light, vibration, and heat. In addition, 3D cracks
enhance adaptability to complex mechanical stresses, ensuring stable per-
formance under various deformation conditions. Consequently, systems
using 3D cracks achieve superior sensitivity and precision under micro
deformation, making them ideal for applications requiring finely tuned
mechanical responses.

In this context, 3D cracks have been adopted as a structural strategy to
achieve effective light attenuation and rapid on/off switching in optical
fibers. Morphological optimization of cracks has been performed to max-
imize performance. The 3Dcrackswere formed by ablating afinite region of
the fiber cladding using a straightforward and controllable laser-cutting
method. Differences in the ablation of the fiber cladding area were induced
by controlling the laser power; higher power intensities resulted in greater

https://doi.org/10.1038/s41528-025-00497-2 Article

npj Flexible Electronics |           (2025) 9:119 2

www.nature.com/npjflexelectron


ablation, as shown in Fig. 2a–c. Althoughminor secondary cracksmay form
in the cladding region during the fabrication process, their influence on
optical performance is expected to be minimal, as the device’s ON/OFF
functionality is primarily determined by the exposure of the fiber core
through the engineered primary crack.

Subsequently, in-depth morphological analysis was performed to
verify the 3D structuralmodification of the opticalfiber after laser cutting. A
3D anisotropic crackwas formed, exposing the core area—the primary light
transmission path—under deformation (Fig. 2d, e).

To further understand the impact of 3D cracks, simulations were
performed to obtain the stress distributions of the cracked optical fiber

sensors. The simulations reveal the size and shape of the crack and the effect
of that shape on the stress distribution. The stress distributions were eval-
uated for various crack shapes, including V-shape, two-point V-shape, and
four-pointV-shape (Fig. 2f–h).All stresses appliedwere below4MPa. Stress
concentration is observed in the cracks, with theV-shaped cracks exhibiting
more concentrated stress (Fig. 2f) compared with the more relaxed stress
distributions observed in the two-point and four-point V-shaped cracks
(Fig. 2g, h).Replicating experimental conditions, theopticalfiberswerefixed
at both ends of the pre-stretched substrates elongated by up to 500%, fol-
lowed by a controlled release to 300%. The stress distribution in each case
was simulated around the cross-section of the 3D crack. These simulations

Fig. 1 | Schematics and Performance Analysis of Fiber-Optic-Based Mechanical
Computing Systems. a Schematics illustrating the mechanical computing frame-
work, from input to mechanical computing, output, and conversion. b Schematic of
the depletion region formation in a typical diode, along with intensity and voltage
graphs for forward bias. c Schematic of a fiber-optic-based mechanical computing
unit and the strain and attenuation graphs resulting from the shrinkage of the

silicone elastomer. d Schematic illustration of the fabrication method for a
mechanical single unit and the components of the optical fiber. e Single unit cell
images under substrain levels of (i) 500%, (ii) 250%, and (iii) 0%, with external light
on (left), external light off (right), and zoomed-in view (inset). fMechanical com-
puting systems using unit cell arrays with different light wavelengths.
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demonstratehowV-shapedcracks influence the stress distribution basedon
the substrate strain (Fig. 2i–k). In particular, stresses in the V-shaped cracks
remainwithin safe limits, peaking at 13.3MPa.To contextualizemechanical
safety, the PMMA core exhibits a typical tensile strength of 60–70MPa
(bulk PMMA), yielding a factor-of-safety of ~4.5–5.3 at the maximum
modeled stress (13.3MPa). The applied strains and simulated stresses
remained within the elastic regime throughout all experiments, and no
plastic deformation or crack growth was observed under repeated cycling.
This result aligns closely with experimental findings, highlighting the
influence of anisotropic 3D crack geometry, generated through fiber clad-
ding ablation, on stress concentration. During mechanical deformation of
the optical fiber, stress tends to accumulate in uncut regions owing to this
geometry. Upon substrate strain release, these concentrated stresses expose
the fiber core, enhancing light attenuation and enabling efficient and swift
transitions between theon/off states.Althoughmechanical stress anisotropy
can potentially induce birefringence by shifting the refractive index, this
effect is expected to be negligible in our system due to the highly localized
nature of the stress induced at deliberately engineered crack regions. Fur-
thermore, because our device’s operation primarily relies on intensity

modulation through crack-induced light leakage rather than phase or
polarizationmodulation, the impact of birefringence ondevice performance
is expected to be minimal.

Logic Computation Using an Active Signal Modulation Optical-
Fiber-Based Mechanical Computing System
Leveraging the light attenuation and clear on/off state switching behavior of
the cracked optical fiber diode, the logic computation performance of a
mechanical computing system consisting of multiple cracked optical fibers
was demonstrated (see details in the Experimental Section). This system
defines the elongation state of the substrate as input and the intensity of light
transmitted across the optical fiber crack as output (Fig. 3a). The input is
defined as “0” when no change in elongation occurs, with the substrate
remaining in a stretched state (Fig. 3a, upper column). Conversely, the input
is defined as “1” when the elongation changes, corresponding to a released
substrate (Fig. 3a, lower column). The output value is determined based on
the total light intensity transmitted across the cracked optical fiber, which
varies with the elongation state of the substrate. A threshold light intensity
was set, adjustable depending on the system. Intensities below this threshold

Fig. 2 | Crack Morphology and Stress Distribution in Laser-Cut Optical Fibers.
OM images of crack sizes according to the power of the laser cutter: a 10W, b 15W,
c 20W. 3D profiler images of the cracked optical fiber: d top view, e side view. Stress

distribution caused by different crack shapes: f V-shape, g Two-point V-shape,
h Four-point V-shape. Stress distribution simulation of the V-shape unit under
varying substrate strain: i 500%, j 250%, k 0%.
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were defined as an output value of “0” (Fig. 3a, lower column), whereas
intensities exceeding the threshold were defined as an output value of “1”
(Fig. 3a, upper column). Subsequently, three crackedopticalfiber diodeswere
interconnectedwithin themechanical computing system to enable high-level
computations.Different colored light sources are introduced into the cracked
optical fiber diodes labeled “X” and “Y”, while diode “Z” collects light
transmitted through the two cracked optical fibers (Fig. 3b, c). For example,
when no change in elongation is applied to all diodes (all input = “0”), the
systemoutputs light exceeding the threshold intensity (output= “1”) (Fig. 3b).
Conversely, when elongation is removed from all diodes (all input = “1”), the
output light intensity falls below the threshold (output = “0”) (Fig. 3c).

The computational capabilities of various logic gates, comparable to
those performed by electronic computers, were demonstrated using the
mechanical deformation states of the substrate.ANOTgatewas achievedby
activating only diode Z (Fig. 3d). Regardless of the light intensity passing
through fibers X and Y, when the “0” state (stretched state) was input to
diodeZ, the sumof the RGB light exceeded the threshold intensity, resulting
in an output of “1”. Conversely, with an input of “1” (released state) to diode
Z, the RGB light sum remained below the threshold, yielding an output of
“0”. These results are visually discernible (Fig. 3e), successfully confirming
the functionality of the NOT gate (Fig. 3f). In addition, NAND and NOR
logic gates with complex input–output relationships were implemented by

Fig. 3 | Optical Transistor Logic Gates in Mechanical Computing Systems.
a Schematic of the input and output states of the mechanical computing unit cell.
Three unit cells are used as switches for three transistors, acting as inputs X, Y, and Z.
A laser beam is input into each part to measure the light emitted from other parts.
b Schematic when input = 0 under substrate strain, where light is emitted outward.
c Schematic when input = 1 under substrate strain, where light is not emitted
outward. d RGB value graph detected at point “S” under the (01) and (10) logic
conditions of a NOT gate. The output state is defined as “1” or “0” depending on
whether the RGB sum exceeds 400. eReal image, f Schematic of the optical transistor
NOT gate and its (01) and (10) logic conditions. g Truth table of logic gates defined

by various input and output configurations. hRGB value graph detected at point “F”
under the (001), (101), (011), and (110) logic conditions of aNANDgate. The output
state is defined as “1” or “0” depending on whether the RGB sum exceeds 400. i Real
image, j Schematic of the optical transistor NAND gate and its (001), (101), (011),
and (110) logic conditions. k RGB value graph detected at point “F” under the (001),
(100), (010), and (110) logic conditions of a NOR gate. The output state is defined as
“1” or “0” depending on whether the RGB sum exceeds 500. l Real image,
m Schematic of the optical transistor NOR gate and its (001), (101), (011), and (110)
logic conditions.
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activating all cracked optical fibers in X and Y (Fig. 3g). Figure 3h–j and
Fig. 3k–m illustrate the computing processes of the NAND andNOR gates,
respectively. The computation results are consistent with the values in the
logical operation table shown in Fig. 3g. Notably, the sum of light intensities
reaching the end of diode Z,which determines the output value, was similar
in theNANDandNORlogic circuit systems.However, both logic gateswere
successfully implemented by simply modifying the output threshold
intensity setting.

Multifunctionality as aMultiaxis VibrationSensor in aMechanical
Computing System
In amechanical computing system, extending the input axis of deformation
enables more complex and diverse calculations and improves computing
performance by processing more information simultaneously. In this con-
text, the scalability of the input axis for a strain-light-driven mechanical
computing systemwas demonstrated by its ability to detect vibrations along
an axis orthogonal to the prestrain applied to the substrate, as shown in
Fig. 4a. Vibrations along this orthogonal axis distort the light transmission
path, reducing the intensity of the transmitted light. Notably, the attenua-
tion of light transmission owing to vibration becomes more pronounced
when the core of the cracked optical fiber is exposed as the prestrain is
released (Fig. 4b). Accordingly, the light transmitted through the cracked
optical fiber under a vibrational environment and the voltage change was
observed (Fig. 4c). Depending on the degree of prestrain release, i.e., the
degree towhich the 3D crack of the optical fiber is exposed, different voltage
changes are observed (Fig. 4d).When the prestrain remains unreleased, the
crack exposure area is extremely small, and light scattering is negligible, even
when the light transmissionpath is distortedowing to vibration.By contrast,
with an enlarged crack exposure area owing to increased strain release, a
significant voltage change is observed. In addition, increasing the diameter
of the cracked optical fiber maximizes light scattering under the same
vibration condition, resulting in higher sensitivity to changes in the intensity
of the transmitted light (Fig. 4e). Furthermore, the system demonstrated

sufficient temporal resolution to distinguish continuous vibrations alter-
nating between the on/off states at specific time intervals (Fig. 4f). These
findings highlight the capability of the system to sensemultiaxismechanical
strain inputs. This implies that strain-light-driven mechanical computing
systems have the potential to sense diverse physical changes and perform
multifunctional computations on complex inputs.

The vibration sensing experiment in Fig. 4f was conducted with a time
resolution of ~0.375 s per data point (80 points per 30 s cycle). The system
exhibited an optical-electrical response time of approximately 2.3–2.8 s to
changes in vibration state. The 30-second interval between cycles was set to
minimize residual deformation effects. While this configuration prioritized
multifunctionality demonstration over fast dynamic sensing, future opti-
mization of crack geometry and material response is expected to improve
temporal performance (see details in Supplementary Fig. 8).

Discussion
This study proposed a logic-device-inspired mechanical computing system
capable of signal modulation, a typical function of active components, by
integrating soft and 3D electronics. The proposed system was designed by
integrating 3D cracked optical fibers with a low-modulus, high-elongation
elastomeric substrate to enable amultimodal architecture of the 3D cracked
optical fibers that responds the reversible deformation of the substrate. The
optimized crack morphology was engraved onto the optical fiber using a
laser-cutting strategy supported by simulation studies. These engraved
cracks induced stress concentration in specific regionswhen the opticalfiber
deformed under strain. Stress concentration induced light carrier depletion
and rapid attenuationof light output, demonstrating that the crackedoptical
fiber functioned as a diode, exhibiting on/off state switching behavior.
Furthermore, logical calculations were successfully performed by integrat-
ing multiple cracked optical fiber diodes into a mechanical computing
system. The system demonstrated multifunctional vibration sensing, cap-
able of detecting vibrations with orthogonal axes to the prestrain, high-
lighting its axis scalability for strain input. Furthermore, this study explored

Fig. 4 | Vibration Sensing and Voltage Response in Cracked Optical Fiber Sys-
tems. a Photographs of the optical fiber under vibration. Themechanical computing
array is designed with a pop-up structure using a bi-axis stretcher on a vibration
motor. b Schematic of a single optical fiber unit cell vibrating. c Schematic of
earthquake measurement using cracked optical fiber when Input = 1. d Voltage

difference graph for three repeated cycles of vibration on/off. eVoltagemeasurement
graph after adjusting the pop-up (0/50/100%) according to strain. f Voltage differ-
ence graph when vibration is on, based on the diameter of the optical fiber (250/500/
1000 μm).
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three-dimensional structures, such as helical configurations, demonstrating
that the stress concentration and optical attenuation mechanisms induced
by cracks can also be applied to optical fibers with non-linearmorphologies.
This enables their use as mechanical computing elements capable of
responding to various types of deformations (Supplementary Information
Figs. 1–6). The anisotropic nature of the helical structures enable stress
concentration under external deformation, induces light attenuation, and
offer excellent durability under high strain and stress. Given themechanical
stability of optical fiber below its glass transition temperature and its tol-
erance to moderate radiation doses (see Materials in Method section), the
system is expected tomaintain stable operation under harsh environmental
conditions, and its potential has been demonstrated through integration
with application scenarios involving physical deformation. In this regard,
strain-light-driven mechanical computing systems based on optical fibers
with structural degrees of freedomare expected to revolutionize applications
in various fields, such as robotics and space exploration (see details in
Supplementary Fig. 9 and Supplementary Table 1).

Methods
Materials
The optical fiber employed in this studywas the Toray PG series fibers, each
comprising a polymethyl methacrylate (PMMA) core and a fluorinated-
polymer cladding. Key specifications are: an operating temperature range of
–55 °C to +70 °C; attenuation ≤0.20 dB/m at 650 nm; the glass transition
temperature ( ~ 100 °C); and radiation tolerance of several hundred grays to
a few kilo grays.

Fabrication of Silicone Elastomer
PMMA ( ≈ 100 nm,Microchem INC) was spin-coated on a silicon wafer
(3000 rpm for 30 s). After spin-coating, a three-step soft-bake process
was conducted. The wafer was sequentially heated on a hotplate at 110,
160, and 180 °C, each for 10 min. Subsequently, the silicone elastomer
(Ecoflex 0050, Smooth-on) was prepared by mixing the base (Part A)
and curing agent (Part B) in a 1:1 ratio. After mixing, 20 g of the silicone
elastomer was spin-coated on a the PMMA-coated wafer, followed by
spin-coating at 1000 rpm for 1 s, repeated three times. Semi-curing was
performed at 110 °C on a hotplate for 1 min, followed by full curing at
25 °C for 24 h.

Fabrication and Characterization of Cracked Optical Fiber
A laser cutter (JQ laser, JQ9060)was used to create cracks in the opticalfiber
(Toray, PGR-FB). The power and speed settings of the laserwere adjusted to
control the dwell time and intensity of the laser beam to form3Dcracks. The
laser cutter was operated at a speed of 10mm/s, with optimized power
settings to ensure uniform and controlled 3D crack formation. The para-
meters of the laser cutter, including speed (mm/s) and power (W), were
optimized to ensure controlled crack formation. The crack patterns were
designed considering the interaction between the laser and optical fiber
material to achieve precise 3D cracks.

Fabrication of Bonding Sites and Integrated Devices
Multiple bonding techniques were employed to integrate the elastomeric
substrate with the 3D cracked optical fiber. Siloxane bonding was used
for optical fibers with diameters ranging from 250 to 500 μm. Using
photolithography and an e-beam evaporator, 100 nm SiO2 and 100 nm
Ti layers were selectively deposited onto the 3D cracked optical fibers
through a masking process. The elastomeric substrate was heated to
60 °C and placed in conformal contact with the optical fibers. A paper
towel was placed over the substrate, and a 1 kg weight was applied for
30 min to ensure proper bonding. Polyimide tape was laser cut for fibers
exceeding 500 μm in diameter to match the bonding area, facilitating
easy integration with stronger adhesion. Siloxane bonding enabled
microscale precision, while polyimide tape bonding provided robust
adhesion suitable for various fiber sizes.

Fabrication and Measurement of Vibration Sensors
Vibration sensor experiments were conducted in a dark room to eliminate
external light interference. One end of the cracked optical fibers was con-
nected to a light emitter, directing light through the fiber. The other end of
the fiberwas connected to a photodiode linked to a digitalmultimeter (2400
SMU, Keithley). The substrate, with the cracked optical fibers attached, was
placed on a high-speed motor-equipped stage. As the motor vibrated the
substrate, the vibration modulated the light output of the fiber, and the
current of the photodiode was measured to quantify the sensor response.

Fabrication and Measurement of Logic Gates
Three cracked optical fiber diodes were connected using a Y-shaped con-
nector to create logic gate structures. Light sources with three distinct
wavelengths (λR= 655 nm, λG= 532 nm, and λB = 460 nm) were used as
inputs. The strain applied to the prestrained substrate, adjusted using the X
andY stretchers of the diodes, served as the input signal. Although the color
of the output light could be visually observed, quantitative analysis was
performed by capturing images and measuring RGB pixel intensities in a
defined area using the ImageJ software.

Fabrication and Measurement of Helical Optical Fiber Sensors
Optical fibers (Toray, FBG-PGR) were coiled around a rod and fixed using
polyimide tape. The fibers were then heat-annealed in a vacuum oven at
70 °C for 1 h, followed by cooling to room temperature for 10min. After
cooling, the tape was removed, and the fibers were carefully unwound to
formhelical opticalfiber sensors.One endof thefiberwas illuminatedwith a
laser pointer to measure strain, while the other was connected to an optical
power meter. For pressure measurements, the sensor was encapsulated in
PDMS to ensure even pressure distribution (0–50 N) applied using a uni-
versal testing machine (UTM).

Finite Element Analysis (FEA)
Finite element analysis (FEA) simulations were performed using Abaqus to
evaluate the mechanical response of the cracked optical fiber sensors. The
optical fiber was modeled as a cylindrical structure with a diameter of
0.25mm, featuring a crack measuring 0.13mm in width and 0.23mm in
length. Due to the geometric complexity around the crack region, 10-node
quadratic tetrahedron elements (C3D10) were employed60. A global seed
size of 0.1 was applied, resulting in 12,402 elements. This mesh density
provides higher accuracy compared to those used in previous convergence
studies61,62. Thematerial properties of the opticalfiberwere defined basedon
experimental stress–strain (S-S) data, with a Young’smodulus of 1121MPa
and Poisson’s ratio of 0.16. The optical fiber was pre-stretched by 500% and
then released to 300%, simulating the experimental conditions. The simu-
lation results were consistent with the experimental data, demonstrating
that strain concentration occurred in areas with lower modulus around the
cracks, confirming the accuracy of the model.

Data availability
The data that support the findings of this study are either provided in the
source data or are available from the corresponding author upon reasonable
request.
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