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Flexible strain sensors play a crucial role in health monitoring, smart wearable devices, and human-machine
interaction. Three-dimensional surface evaluation methods for strain sensors offer advantages by being closer to
actual strain, featuring a larger working range, and being more suitable for multidirectional strain. In this study,
a three-dimensional (3D) surface strain sensor based on polydimethylsiloxane/laser-induced graphene (PDMS/
LIG) composite films has been developed. The electromechanical properties of this sensor, encompassing 3D
strain range and sensitivity, can be adjusted by manipulating laser parameters and LIG patterns. The key to
attaining these specific characteristics lies in the intentional design of crack types and orientations on the sen-
sor’s surface. Remarkably, the line-vertical (LV) sensor exhibits outstanding sensitivity with a GF of 211.3. The
line-parallel (LP) sensor achieves a GF of 115.1. Additionally, it demonstrates a stretching range of 25% and
maintains stable performance over an extensive number of strain/release test cycles (more than 3000 cycles).
With these advantages, the 3D strain sensor can not only be applied in human activity monitoring but also
monitoring pressure within microchannels in microfluidic chips, suggesting promising applications in the health

and medical fields.

1. Introduction

Flexible strain sensors, which transduce mechanical deformations
into electrical signals, play a crucial role in health monitoring[1,2],
smart wearable devices[3], and human-machine interaction[4,5]. The
electromechanical characteristics of strain sensors determine their po-
tential applications, making accurate assessment of these characteristics
crucial. To date, the majority of reported methods for testing strain
sensors have been confined to two-dimensional (2D) evaluations [6,7].
However, in practical sensor applications involving human motion
detection, relying solely on meeting sensing requirements in two di-
mensions while neglecting changes in three-dimensional (3D) surfaces
can significantly impact the accuracy of motion detection [8-11].
Consequently, current methods for testing strain sensor performance in
human motion detection applications do not comprehensively capture
the 3D sensing mechanism, presenting a challenge in determining the 3D
surface sensing performance of various strain sensors.

To address this challenge, numerous researchers have explored the
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bidirectional tensile deformation[12,13] and bending deformation
[14-16] of sensors. However, there has been limited focus on 3D sensing
performance. Li et al. [17] proposed an innovative method for evalu-
ating the sensing performance of knitted strain sensors using a 3D
curved surface. The results suggest that, compared to 2D testing
methods, the 3D testing approach closely aligns with the actual human
sensing situation. However, the application of this method in other
strain sensors remains unexplored. To overcome the limitations of cur-
rent flexible thin-film strain sensors in 3D surface monitoring, this work
employs the 3D surface testing method to evaluate the stretching range
and sensitivity of strain sensors, providing insights into their authentic
deformation and response within a three-dimensional context.
Additionally, sensitive materials play a crucial role in strain sensors,
and their performance directly affects the sensor’s sensitivity, stability,
and reliability. Currently, extensively researched sensitive materials
include graphene[2,18,19], carbon nanotubes (CNTs)[20-22], MXene
[23-25], conductive polymers[26-28], metal nanomaterials[29-31],
and their composite materials[32-34]. Graphene and its derivatives
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have been widely studied due to their excellent flexibility, conductivity,
and mechanical strength. Among them, laser-induced graphene (LIG)
[35,36] has attracted widespread interest due to its simple preparation
and unique porous structure. LIG has been successfully applied in
various sensors[37-39], particularly in strain sensors, yielding signifi-
cant advancements in fields such as wearable electronics[40] and mo-
tion monitoring[41].

Despite the considerable progress made in LIG strain sensors, chal-
lenges still exist and need urgent attention. One of the primary chal-
lenges is striking a balance between sensitivity and strain range. Current
solutions focus on designing microstructures and implementing material
modifications to address this issue. For instance, Park et al. [42]
enhanced the sensitivity and reliability of resistive strain sensors by
employing MoS,-modified LIG. Liu et al.[43] utilized laser technology to
synthesize graphene films embedded with Pt nanoparticles in situ,
resulting in wearable strain sensors with ultra-high sensitivity and sta-
bility. Xie’s research group devised a fingerprint-inspired strain sensor
[10] based on LIG to optimize sensitivity and strain range. Additionally,
they developed a scorpion-inspired dual-bioinspired microcrack-
assisted wrinkled LIG/Ag strain sensor[44], exhibiting high sensitivity
and a broad working range. However, these solutions often involve
intricate processing steps, increasing costs and potentially limiting
practical applications. Therefore, this work proposes a method to con-
trol the sensitivity of LIG strain sensors through pattern design. By
designing surface patterns, improvements in sensor performance can be
achieved without adding complexity to the manufacturing process.

In this work, the 3D surface strain monitoring method is introduced
into flexible thin film strain sensors to improve their applicability in
health monitoring. PDMS/LIG composite films were prepared by
transfer method, and stable electromechanical properties were ob-
tained. Different laser process parameters and various LIG patterns were
designed, and their impact on electromechanical performance was
investigated to optimize the performance of LIG strain sensors for
complex applications. This research aims to overcome the current lim-
itations of flexible strain sensors in terms of performance and provide a
more reliable and efficient solution for health monitoring in the future.

2. Experimental section
2.1. Fabrication of LIG

The laser processing employed in the fabrication of laser-induced
graphene (LIG) is performed under ambient conditions, with the poly-
imide (PI) tape attached to the copper substrate using its adhesive sides.
This procedure utilizes a CO5 laser system (HSC30-E, Han’s Laser
Technology Industry Group Co., Ltd., wavelength: 10.6 pm). The oper-
ation is conducted at a constant scanning speed of 50 mm/s, with the
laser’s average power ranging from 1 % to 11 %, and a laser pulse
repetition frequency of 1-8 kHz. These parameters are investigated to
assess their impact on the surface morphology and composition of the
graphene generated through laser irradiation.

2.2. Fabrication of 3D surface strain sensor

The fabrication process of the strain sensor based on PDMS/LIG
composite films. By adjusting various laser parameters and designing
various patterns, LIG with distinct electromechanical characteristics can
be produced. The laser scanning speed is consistently set at 50 mm/s,
and the line spacing is configured at 0.25 mm. Following the generation
of LIG, a liquid mixture of PDMS (Polydimethylsiloxane) precursor
(Sylgard 184, Dow Corning, mixture ratio: 10:1) undergoes degassing in
a vacuum chamber. This mixture is then spin-coated onto the LIG surface
using a spin coater (WH-SC-01, Wenhao Co., Ltd., spin parameters: 300
rpm, 30 s + 500 rpm, 20 s) and cured at 80 °C for 2 h. Subsequently, the
PI layer is peeled off, and LIG is transferred onto PDMS, resulting in a
PDMS/LIG composite film with a thickness of 160 pm. Silver paste is
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applied to connect the LIG electrodes with copper wires, followed by
drying in an 80 °C oven for 15 min. Finally, the PDMS mixture is poured
into the electrode connection area, completing the final encapsulation of
the strain sensor.

2.3. Characterization of LIG

The surface morphology of LIG and PDMS/LIG films was character-
ized using a scanning electron microscope (SEM, ZEISS Gemini 300) and
optical microscope (OM, OLYMPUS BX53M). A 3D laser scanning mi-
croscope (KEYENCE VK-X1000) was employed to observe the three-
dimensional morphology of LIG. Raman spectra were acquired by
exciting the samples with a 532 nm laser using LabRAM HR Evolution
(HORIBA).

2.4. Measurement of 3D surface strain

To investigate the response of sensors to 3D surface strain, a dedi-
cated 3D surface strain testing platform was established. The mechanical
performance of 3D surface strain sensors was assessed using a universal
testing machine (TSE503A, Vance Testing Machine Co., Ltd.). Simulta-
neously, a digital multimeter (DAQ6510, Keithley) was employed to
synchronously test and collect real-time resistance signals from the
Sensors.

Fig. 1billustrates the schematic diagram depicting the location of the
3D strain test. Following the methods outlined by Pei[45] and Li[17],
the average strain of the sensor in a random direction, ¢, is defined by
equation (1). This method is adapted for the 3D strain characterization
of flexible PDMS/LIG films.

L+S—-R
E = —

R x 100% (€9)]

Here, R = 5 mm represents the inner diameter of the sensitive film, and L
is the tensile length of the film without contact with the steel ball,
determined by equation (2):

L=1/(D—r}+R -2 )
Where D is the depth of the compressed film of the steel ball, and r = 4

mm is the radius of the steel ball. S represents half of the arc length when
the steel ball comes into direct contact with the thin film, expressed as

equation (3):
_ ”) ©)

3. Results and discussion

r D
S =r(tan"!—+tan!
r(an L+ an

3.1. Fabrication and characterization

For flexible 3D surface strain sensors, unlike the planar stretching of
two-dimensional strain sensors, it is essential to perform curvature
stretching on the thin film. Hence, the establishment of a 3D strain
testing platform and the calibration of 3D strain are of paramount sig-
nificance. Fig. 1a illustrates the schematic diagram of the preparation of
PDMS/LIG 3D surface strain sensors and the principal diagram of 3D
stretching performance testing. The 3D strain sensor is circularly shaped
and affixed to a circular hole. 3D deformation of the sensor’s surface is
induced by vertically pressing a steel ball onto it. The corresponding
relationship between the vertical pressing distance (D) and three-
dimensional strain (¢) is established to characterize the sensor’s three-
dimensional strain, as shown in Fig. S1b (the 3D strain characteriza-
tion method is detailed in the Experimental Section).

The manufacturing process of the sensors involves laser reduction,
resulting in LIG with a porous structure on the PI surface. To enhance
stretching performance, it is then transferred onto PDMS, a stretchable
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Fig. 1. (a) Schematic diagram of the preparation process for three-dimensional surface strain sensors and the three-dimensional strain testing platform. (b) Char-
acterization method for three-dimensional strain. Establishing the relationship between the vertical descent distance and three-dimensional strain. (c-d) Physical
images of the three-dimensional strain sensor, showcasing the ability to design patterns in the sensor’s sensitive area, with the sensor possessing flexibility, bend-

ability, and stackability.

and transparent substrate (specific steps are detailed in the Experimental
Section). By spin-coating PDMS on the surface of LIG and leveraging its
excellent fluidity, the porous structure of LIG is filled. Following PDMS
curing, the PI is peeled off to yield a PDMS/LIG flexible composite film.
By adjusting spin-coating parameters, PDMS/LIG composite films with
varying thicknesses can be produced. In this work, PDMS/LIG films with
an approximate thickness of 160 pm were prepared. The physical image
of a 3D strain sensor is presented in Fig. 1c-d, showcasing the ability to
design patterns in the sensitive area of the sensor. Furthermore, the
sensor exhibits flexibility, bendability, and stackability.

Previous studies have indicated that laser parameters, including laser
repetition frequency, average power, scanning speed, and working dis-
tance, have a significant impact on LIG[46,47]. To investigate the in-
fluence of different laser parameters on the formation and surface
morphology of LIG, this section explores the effects of laser average
power (Payg) and repetition frequency (f) on LIG through characteriza-
tion of the product’s surface morphology, and Raman spectra.

Fig. 2a depicts the surface morphology of LIG produced under
varying laser parameters. It is evident that, within each row, with a

(V)

Pluse Repetion Frequence (kHz)

consistent laser scanning speed (v = 50 mm/s) and repetition frequency,
insufficient laser average power results in the failure to form LIG, while
excessively high average power may lead to damage on the polyimide
surface. Moreover, laser repetition frequency proves to be a critical
parameter influencing surface morphology. Looking at each column,
maintaining a constant laser scanning speed and average power, a
reduction in repetition frequency amplifies the degree of sample surface
ablation. This phenomenon can be characterized by the single-pulse
laser energy (Esp = Pavg/f), as shown in Fig. 2b, where an increase in
Egp leads to a greater laser ablation depth on the PI surface, thereby
affecting surface morphology.

The area delineated by the red box in Fig. 2a represents the selected
region with completely carbonized and intact surface samples. Their
Raman spectroscopy confirms the formation of LIG, as depicted in
Fig. 2c. The presence of D, G, and 2D bands aligns with the characteristic
features of typical LIG produced by laser irradiation of PI films, as re-
ported previously[12,47]. The peak at 1580 cm ! (G-band) signifies the
primary phonon arising from lattice stretching in the C — C bonding
within the graphitic plane. The D-band observed at about 1350 cm™!
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Fig. 2. Impact of diverse laser parameters on the morphology and quality of LIG. (a) Optical microscopy images of LIG with different laser parameters. (b) Respective
Eqp values for different laser parameters. (c) Raman spectra of the selected area under different laser parameters. (d) Ip/Ig ratios under different laser parameters. (e)

Line width variations under different laser parameters.
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corresponds to the disorder and defects in the graphitic lattice. The 2D
band results from a secondary phonon vibration of the C — C bonding,
providing information about the stacking layers in the carbonized ma-
terial (such as graphene, and CNT)[48]. The ratio of peak intensity (Ip/
Ig) between the D and G bands is a parameter used to quantify the
amount of defects in the graphitic material. Fig. 2d illustrates the rela-
tionship between laser parameters and Ip/Is. Under the same laser pulse
repetition frequency, an increase in laser average power leads to a
decrease in defect density. Particularly, at 4 k-5 %, 4 k-7 %, and 4 k-9 %,
LIG exhibits significantly lower defects compared to other parameters.
Additionally, the ratio between the 2D and G bands (Iop/Ig = 0.5 ~ 0.7)
indicates that the graphitic material is composed of multilayer graphene
layers[49,50]. Furthermore, the impact of different laser parameters on
line width was investigated, as depicted in Fig. 2e. Maintaining a con-
stant laser pulse repetition frequency, an increase in laser average power
results in a wider line width. Conversely, keeping the laser average
power constant, an increase in laser repetition frequency leads to a
narrower line width. This indicates a direct proportionality between line
width and Ep, with larger Eg, values resulting in wider lines. Conse-
quently, laser parameters play a significant role in shaping the surface
morphology, determining the defect amount, and influencing the line
width of LIG. At 4 k-5 %, 4 k-7 %, and 4 k-9 %, LIG demonstrates fewer
defects and narrower line widths, primarily differing in surface
morphology. To further explore the impact of laser parameters on the
performance of the strain sensor, these three laser parameters were
selected to fabricate sensors for subsequent performance studies.

3.2. Electromechanical performance and mechanism

3.2.1. Performance with different laser parameters

Through the established 3D surface strain testing platform, the
sensitivity and stretching range of 3D surface strain sensors prepared
under different laser parameters were investigated. The laser parameters
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were set as follows: the same laser pulse repetition frequency (f = 4 kHz)
and scanning speed (v = 50 mmy/s), with different laser average powers
(Pavg =5 %, 7 %, 9 %). The prepared sensors were labeled as P5, P7, and
P9. Their responses to strain are shown in Fig. 3a. P5 exhibits higher
sensitivity than P7 and P9 but with a narrower stretching range. P7 and
P9 show similar sensitivities within 20 % stretching ranges. To elucidate
the mechanism by which different laser parameters affect the perfor-
mance of 3D strain sensors, the stress distribution of the sensors under
three-dimensional tensile strain was studied through finite element
analysis, as depicted in Fig. 3b. Stress decreases radially from the center.
The laser paths of P5 and P9 sensors were consistent, as shown in Fig. 3c,
and three locations were selected for SEM characterization, including
the center (@), horizontal radius edge (®), and vertical radius edge
(®).

After stretching, the surface morphology of P5 is shown in Fig. 3d. At
position @, parallel cracks (red dashed lines indicating cracks parallel to
the horizontal direction) appear on the LIG surface; at position @,
vertical cracks (white dashed lines indicating cracks perpendicular to
the horizontal direction) form at the interface between LIG and PDMS; at
position @, both types of cracks are observed. This is because when the
surface of the 3D strain sensor is stretched, the force is applied along the
radial direction, causing cracks to form at positions perpendicular to the
force (radius) direction. Therefore, cracks at positions @ and ® exhibit
a single direction, and the crack direction is entirely perpendicular to the
force (radius) direction. At position @, the applied tensile force comes
from all directions, resulting in cracks in different directions. Based on
characterization results, the equivalent circuit schematic of P5 is shown
in Fig. 3e, equivalent to resistors in series with different resistances.
When strain is applied to its surface, the formation of parallel cracks
leads to a change in resistance, while vertical cracks hardly affect
resistance variation. This is because parallel cracks are perpendicular to
the current direction, and their formation and enlargement hinder the
flow of current, increasing resistance. Since only cracks in a single
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Fig. 3. Electromechanical characteristics and mechanism of 3D strain sensors with different laser parameters. (a) Influence of different laser parameters on the
electromechanical characteristics. (b) Stress distribution on the surface of the strained thin film was simulated through finite element analysis. (c) Laser paths and
characterization positions of the sensor. (d) SEM images of P5. (e) Equivalent circuit model of P5. (f) Electromechanical characteristics of P5. (g) SEM images of P9.

(h) Equivalent circuit model of P9. (i) Electromechanical characteristics of P9.
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direction (channel cracks) affect circuit resistance, the response of P5 to
strain exhibits good linearity and sensitivity. However, as cracks
enlarge, the circuit will be completely disconnected, resulting in infinite
resistance and a limited measurable strain range, as shown in Fig. 3f.

Similarly, SEM characterization was performed on the surface
morphology of P9 at the same three different positions, as shown in
Fig. 3g. Its surface does not have a separate PDMS layer because P9 has a
larger line width than P5, preventing PDMS from infiltrating its surface.
SEM indicates that parallel and vertical cracks appear at positions @ and
® on the LIG surface, respectively, while both types of cracks are
observed at position @. Similarly, the crack direction is perpendicular to
the force direction. The equivalent circuit schematic is shown in Fig. 3h,
equivalent to a series—parallel circuit. When strain is applied to its sur-
face, both parallel and vertical cracks affect resistance changes. Due to
the combined action of these two types of cracks (network cracks), P9
can monitor a wider strain range, but the sensitivity decreases, as shown
in Fig. 3i. These results reflect the trade-off between sensitivity and
strain range, consistent with literature findings [51,52].

The above-mentioned analysis indicates that 3D strain sensors, when
subjected to surface strain, develop cracks on the surface perpendicular
to the direction of radial, as the force is applied along the radial direc-
tion. In different circuit models, cracks in different directions have
varying effects on resistance. Specifically, resistance is primarily influ-
enced by cracks perpendicular to the direction of the current flow. Based
on their impact on resistance, cracks can be broadly categorized into two
types: channel cracks (having a single direction, mainly affecting
sensitivity) and network cracks (possessing multiple directions, pri-
marily influencing the stretching range). In P5, cracks are predomi-
nantly channel cracks, resulting in better linearity and sensitivity but a
smaller stretching range. In contrast, in P9, cracks are mainly network
cracks, leading to a wider stretching range but a reduction in sensitivity.
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This aligns with findings in the literature[31,53]. Consequently, by
designing the crack distribution and type, it is possible to manipulate the
electromechanical characteristics of the sensor.

3.2.2. Performance with different patterns

In this section, the impact of different LIG patterns on the tensile
range and sensitivity of 3D strain sensors was systematically investi-
gated. Various patterns, including sector, linear patterns in different
scanning directions (parallel and vertical), and grid, were designed and
labeled as Sector, LP (Line parallel), LV (Line vertical), and Grid, as
shown in Figure S5a. The design principles of different patterns in the
sensitive area of sensors and the specific parameters of each pattern are
described in Supporting Information (Figure S6).

The resistance change rates of these sensors concerning strain are
depicted in Fig. 4, showing their 3D strain ranges and gain factors (GF).
The results suggest that, in comparison to the P9 sensor, all the afore-
mentioned sensors demonstrate enhanced sensitivity, albeit with a
reduction in the maximum tensile range. The P9 sensor exhibits the
broadest tensile range, reaching 40 %. In the 0-28 % tensile range, the
corresponding GF is 17.9, while in the 28-40 % range, the GF can reach
67.9. The LV sensor stands out with the highest sensitivity (GF = 211.3)
but a relatively limited strain range of only 7 %. The Sector sensor
achieves increased sensitivity in the 0-28 % tensile range, reaching 28.5.
Despite a decrease in tensile range to around 20 % compared to P9, the
Grid sensor shows an increase in sensitivity (GF ~ 31.3). The LP sensor
demonstrates a GF of 34.9 in the 0-20 % tensile range and a GF of 115.1
in the 20-25 % tensile range. This indicates that the sensor excels in
balancing a large tensile range (up to 25 %) with high sensitivity (GFpax
=115.1).

The variances in electromechanical characteristics among different
pattern sensors can be explained through the crack mechanism
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mentioned earlier. Regarding the Sector sensor, the designed LIG is
along different radial directions and parallel to the force direction. When
subjected to 3D surface strain, the surface generates cracks all perpen-
dicular to the radius, as shown in Fig. 4a, confirming the previously
mentioned theory that crack direction is perpendicular to the force di-
rection. The schematic diagram of Sector sensor surface morphology and
its equivalent circuit model, as shown in Fig. 4b, where crack direction is
all perpendicular to the current direction, is the main factor affecting
resistance change. Due to the influence of only a single type of crack
(channel crack), the Sector sensor exhibits a linear response (Fig. 4c).
Compared to P5, the design of parallel conductive pathways effectively
enhances the tensile range. The designed LIG of Grid sensor is distrib-
uted horizontally and vertically. After the sensor surface is subjected to
3D strain, cracks occur in different directions, as shown in Fig. 4d. Its
schematic diagram of surface morphology and circuit model, as shown
in Fig. 4e, is similar to P9, where both vertical and horizontal cracks
affect resistance to change; the difference lies in the change in the
conductive network density. The Grid sensor’s decreased network den-
sity results in a more pronounced change in resistance under the same
strain. Therefore, compared to P9, the Grid sensor’s sensitivity effec-
tively increases, but at the cost of reducing the strain monitoring range
(Fig. 4f). Regarding the LP sensor, the designed LIG is along the hori-
zontal direction. After subjecting to 3D strain, both vertical and parallel
cracks occur simultaneously at the surface center, with vertical cracks
dominating closer to the edge, as shown in Fig. 4g. This also aligns with
the theoretical assertion that crack direction is perpendicular to the
force direction. Its equivalent circuit model, as shown in Fig. 4h, in-
cludes two different types of cracks: channel crack (edge) and network
crack (center), also similar to the P9 model. The difference lies in the
change in the conductive network area; the LP sensor’s network area

(f) Response time and recovery time. (g) Tensile-release cycling over 3000 cycles.

decreases compared to P9. Under the same strain, the LP sensor’s
resistance change is more pronounced. Therefore, compared to P9,
sensitivity is effectively increased (Fig. 4i). The designed LIG of LV
sensor is vertically distributed and has the same strain-sensitive area as
the LP sensor. When subjected to 3D strain, cracks mainly occur in the
vertical direction, and cracks are mainly formed at the interface of
adjacent LIG, as shown in Fig. 4j. When the sensor surface is subjected to
tension, the width of the vertical cracks will increase, making the ver-
tical cracks the main cracks in the LV sensor. In the equivalent circuit
model, as shown in Fig. 4k, the vertical crack direction is perpendicular
to the current direction and is the primary factor affecting the resistance
(channel crack). After increasing the strain, vertical cracks are more
likely to expand and reach the fracture limit, resulting in the high
sensitivity and small strain range of this sensor, presenting a linear
response (Fig. 41). Therefore, the sensitivity and strain range of PDMS/
LIG 3D surface strain sensors can be adjusted by controlling LIG pat-
terns. This observation strongly suggests that PDMS/LIG composite films
with adjustable designs may be suitable for strain sensors with different
sensitivities.

3.2.3. Electromechanical performance of Line-Parallel sensors

To further investigate the dynamic response and reliability of the LP
sensor, various tests were conducted including dynamic stretching/
release under different stretching ranges, detection limit, response/re-
covery time, and repeatability, as shown in Fig. 5.

To explore the influence of stretching rate on the sensor response, the
impact of different stretching rates under the same strain (8.65 %) was
first studied, as depicted in Fig. 5a. Within the test speed range of 6-96
mm/min, the effect of different stretching rates on the relative resistance
was minimal, contributing to obtaining a reliable response. Fig. 5b
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illustrates the functional relationship between the relative change in
resistance and strain for the LP sensor. The graph displays the stretching
range and GF of the sensor, where GF is calculated as (AR/Rg)/¢e. The LP
sensor demonstrates a GF of 34.9 in the 0-20 % tensile range and a GF of
115.1 in the 20-25 % tensile range. In comparison with recent studies on
two-dimensional stretching strain sensors based on LIG, our work ex-
hibits excellent sensitivity within a broad strain range, as shown in
Fig. 5c. These studies can be classified into three categories: (i) pure LIG
on different substrates such as commercial PI films[54,55], textiles[56],
and paper[46]; (ii) LIG on mixtures of LIG precursor materials and
flexible materials, such as polyether ether ketone (PEEK)/PDMS|57 Jand
PI/PDMS|[58,59]; (iii) LIG transferred from PI films to other substrates,
such as medical-grade polyurethane [60], Ecoflex[10], and PDMS
[41,61].

Furthermore, to validate the dynamic stretching response of the
sensor, periodic stretching/release tests were conducted at 5-17 %
strains to verify real-time dynamic processes. The results indicate that
within a wide strain range, the sensor exhibits stable and consistent
signals (Fig. 5d), and the detection limit was determined by applying a
small strain to the sensor. Fig. 5e demonstrates that the sensor can detect
cyclic strains of 0.50 % (blue line), 1.28 % (red line), and 2.01 % (black
line). The results suggest that under various strain conditions, the rela-
tive change in resistance is significant, and complete recovery is ach-
ieved upon release. Fig. 5f displays the response time and recovery time
of the three-dimensional strain sensor under strain stimulation. Both
response time and recovery time are closely related to the stretching and
strain release rates. When the sample was stretched at an average strain
of 10.5 % with a speed of 420 mm/min, the resistance sharply increased,
with a response time of 300 ms. After strain release, the resistance
recovered to its original state at a rapid rate (400 ms). The reliability of
the sensor is crucial in practical applications. Fig. 5g demonstrates that
the strain sensor underwent over 3000 cycles of stretching and releasing
at a stretching rate of 48 mm/min and a strain of 8.65 %. Throughout the
cycles, it exhibited consistent AR/Rq output. While in the beginning
phase of the test, a slight overshoot behavior observed in the sensor after
the tensile phase is primarily attributed to the viscoelastic-induced creep
behavior of the polymer[7]. The inset in Fig. 5g provides a detailed
signal response process during the early, middle, and late stages of the
cyclic test, indicating that the response curve and peak values did not
show significant changes, affirming the good stability and repeatability
of the strain sensor.

3.3. Representative applications for monitoring human activities and
microfluidic chip

Given the rapid response, good dynamic response, and stability of
the LP sensors, as well as the advantages of 3D surface strain sensors
with different patterns, such as easy preparation, adjustable working
range, and sensitivity, the one-step fabricated PDMS/LIG 3D surface
strain sensor has extensive potential applications in human posture
monitoring and rehabilitation training. The PDMS/LIG 3D surface strain
sensor can continuously monitor large strains, such as joint movements,
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as shown in specific results in Fig. 6. When the LP LIG sensor is attached
to the fingers and the fingers are bent to 45° and 90°, the relative
resistance increases to a certain value and then recovers when the fin-
gers are straightened again (Fig. 6a). Testing five bending cycles at two
different angles shows a rapid and stable response of the resistance
signal. The LP sensor can also stably monitor the bending of the wrist
(Fig. 6b). All these motion data can be collected to create models for
posture calibration, disease prevention, and postoperative recovery.
Therefore, they have extensive application value in healthcare,
human-machine interfaces, and soft robotics.

On the other hand, the PDMS/LIG sensor, equipped with the capa-
bility to monitor 3D surface strain, has advantages that also include
achieving miniaturization and pattern customization. Therefore, this
sensor can be integrated into a microfluidics chip to monitor the pres-
sure in the channel. Fig. 6¢ presents the response of the miniaturized
strain sensor to different pressure changes, with the inset showing the
physical picture of the chip, and the stress-sensitive part in a red circular
area (diameter: 2 mm). The results indicate that the sensor can effec-
tively monitor pressures of different magnitudes and provide reliable
monitoring within the range of 50 mbar and below. Microfluidics chip is
widely used in applications such as cell culture, biological analysis, and
drug screening. By monitoring the pressure inside microfluidics chips,
insights into cell responses under different flow conditions and evalua-
tions of drug effects in microenvironments can be gained[62]. There-
fore, pressure monitoring inside microchannel chips based on this 3D
surface strain sensor has potential applications in the biomedical field.

4. Conclusions

In summary, a 3D surface strain sensor based on PDMS/LIG com-
posite films has been designed. The electromechanical properties of this
sensor, including the 3D strain range and sensitivity, can be finely
adjusted by manipulating laser parameters and LIG patterns. The key to
achieving these specific characteristics lies in the deliberate design of
the types and orientations of cracks on the sensor’s surface. The 3D
strain sensor’s surface experiences force along the radial direction, with
stress decreasing radially from the center to the edges, resulting in
cracks forming in the direction perpendicular to the radius. Channel
cracks, influencing current flow in a single direction, result in sensors
with high sensitivity and good linearity. Conversely, network cracks,
affecting current flow from multiple directions, endow sensors with a
broader stretching range. Remarkably, the LP sensor with network
cracks exhibits outstanding sensitivity, reaching a maximum value of
115.1, coupled with a stretching range of 25 % and stable performance
over 3000 cycles. The 3D strain sensor can not only be used for human
activity monitoring but also applied to monitor pressure within micro-
channels in microfluidic chips, suggesting potential applications in the
health and medical fields.
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