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The integration of inflexible constituents onto pliable substrates is widely acknowledged as the most pragmatic
approach for the realization of stretchable electronics. Nevertheless, the assurance of enduring connectivity
between rigid electrode components and these compliant substrates poses a formidable quandary. In the scope of
our investigation, we proffer a resolution by conceptualizing a PDMS substrate replete with strain isolation
partitions, which can generate Young’s modulus difference of approximately 30 times. These partitions effica-
ciously safeguard the steadfast linkage between rigid components and electrodes, even under diverse strain
provocations, a stable connection can be maintained even when able to withstand strain exceeding 120 %. Using
this substrate, we constructed a visual deformation sensing system based on microcrack type sensors. Compared
with traditional flexible substrates (2 % strain), systems based on strain isolation substrates have better tensile
stability (10 % strain). This groundbreaking innovation bestows stretchable micro-crack strain-sensing systems
the resilience to contend with the potentially formidable rigors of everyday application.

1. Introduction their electrical properties, chiefly in terms of resistance or capacitance

[6,7]. In contrast to their counterparts within the spectrum of stretch-

Stretchable electronics denote electronic apparatus engineered to
sustain their conventional functionality even under conditions of
extension, flexure, or deformation. These pioneering contrivances
possess the capacity to conform to cutaneous surfaces, accommodating
the anatomical nuances and dynamic movements of the human
physique. This attribute engenders more precious data acquisition while
concurrently enhancing the comfort and steadfastness of wear. The
emergence of stretchable electronics is heralded as a transformative
development in the realm of electronics, promising to chart new fron-
tiers by enabling access to hitherto inaccessible domains [1-5].

Within this context, strain sensors are designed to exhibit mechanical
response to applied strain, thus resulting in discernible alterations in

able electronic devices, strain sensors confer a multitude of advantages
including but not limited to their pronounced sensitivity [8-10], high
response speed [11-13], and cost-effective production methodologies.
As a consequence, they have been applied in various fields [14],
including motion detection [15-17], health surveillance [18-20],
human-computer interaction [21-23], and human work capture for
entertainment systems [24]. Practical exigencies within these fields
continually underscore the necessity for augmented sensitivity in
stretchable electronic devices to ensure precision in measuring minute
strains.

To ensure the effective integration of micro-crack sensors into
diverse application scenarios, it is imperative to establish a
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comprehensive crack-type strain sensing system, consisting of both the
sensor component itself and a signal processing unit. Nevertheless, two
pivotal aspects require urgent attention within the construction of
strain-sensing systems. First and foremost, a common issue arises from
the use of different materials between the sensor’s sensitive layer and
the electrodes, frequently giving rise to challenges concerning the
preservation of a stable connection throughout the strain-induced
deformation process [25,26]. Secondly, a pronounced disparity in
Young’s modulus exists between the non-extensible rigid elements
inherent in the signal processing unit and the elastic substrate [27]. This
incongruity presents formidable obstacles in the seamless adaptation of
the rigid signal processing unit to the inherently elastic nature of the
strain system. The resolution of these issues stands as a fundamental
imperative in augmenting the functionality and dependability of
crack-type strain sensors across a diverse array of application domains.

A comprehensive strategy has been formulated to concurrently
ameliorate the aforementioned issues through the introduction of
Young’s modulus patterned partitioning on an elastic substrate. This
strategy effectively resolves dilemmas pertaining to the connection be-
tween the sensitive layer and the electrodes and the stable operation of
rigid components under the influence of mechanical strain. This is
achieved through the judicious incorporation of varying Young’s
modulus distributions across the substrate. In this strategy, zones with a
lower Young’s modulus experience heightened strains during deforma-
tion, while regions with a higher Young’s modulus are insensitive to
these mechanical strains [28,29]. Currently, strain isolation strategies
are predominantly implemented using the following methodologies.
Firstly, Material Selection with Young’s Modulus Differences: The
strategy involves the deliberate selection of materials with significant
differences in Young’s modulus, exemplified by the embedding of rigid
components directly within an elastic substrate [30]. Secondly, Multi-
layer Material or Component: Design materials or components featuring
multilayer structures, each endowed with distinct Young’s modulus
values, which serves to evenly distribute stresses and enhance material
strength [31,32]. Thirdly, Geometric Alterations: The strategy entails
the introduction of apertures, protrusions, or other geometric configu-
rations into specific substrates via alterations in material composition or
geometric structure [33,34]. Nonetheless, persisting issues with these
strategies are urgent to be solved. Firstly, the achievement of patterned
Young’s modulus partitioning within a substrate often demands complex
design and fabrication processes, such as photolithography, which may
result in elevated costs. Secondly, it is imperative to formulate solutions
conducive to facile large-scale preparation suitable for commercial ap-
plications. Lastly, the introduction of diverse material constituents can
engender issues pertaining to material compatibility and interface dis-
crepancies, thus mandating supplementary solutions during practical
utilization. The effective resolution of these challenges is pivotal in
propelling the development of Young’s modulus patterned partitioning
for strain sensors across diverse application domains [35,36]. Here, a
strategy has been proposed to address the previously mentioned chal-
lenges and enable the convenient and stable preparation of large-scale
substrate Young’s modulus patterning by introducing Young’s
modulus changes through secondary curing of Polydimethylsiloxane
(PDMS).

In this research, we have undertaken the fabrication of PDMS sub-
strates with differences in Young’s modulus through a two-step method,
thereby achieving a substantial contrast in Young’s modulus (approxi-
mately ~30) on a single PDMS substrate. The modulation of PDMS
Young’s modulus has resulted in the induction of varying crack densities
within the same PDMS substrate, which generates disparate mechanical
responses to strain within distinct regions of the substrate. Finite
element simulation analysis shows that the strain isolation substrate can
generate an 8-fold strain difference between the two regions when
applied with 2 % strain. This demonstrates the efficacy of the strain-
isolated substrate in effectively shielding regions with higher Young’s
modulus from experiencing strain-induced deformation during external
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mechanical perturbations. Consequently, this mechanism ensures the
durability and functionality of the device, especially in regions with
higher Young’s modulus. To verify the durability of the interconnection
between the strain-isolated substrate and the standard substrate, as well
as the electrode elements, experimental comparisons were conducted.
The electrodes can apply 120 % strain on the strain-isolated substrate
and still have a stable connection to the substrate. Compared to the light-
emitting diodes (LEDs) installed on traditional flexible substrates, the
circuits located on strain-isolated substrates exhibit higher tolerance to
complex external conditions (increased by 5 times). This was predomi-
nantly realized through the establishment of a stable connection be-
tween the rigid electronic components and the external interfaces during
the strain-induced deformation process, effectively preserving the
structural integrity of the rigid components, particularly when subjected
to tensile forces. It is imperative to emphasize that this study is primarily
centered on the assessment of strain isolation strategies intended to
safeguard rigid components from mechanical strain, which furnishes
valuable insights into the design of stretchable electronic systems.

2. Results and discussion

Fig. la illustrates the structural configuration of the crack strain
sensing system, consisting of rigid components and electrodes in the
high Young’s modulus region to establish a robust connection. Simul-
taneously, the system incorporates an elastic substrate with low Young’s
modulus to ensure the overall device’s stretchability. The inset in Fig. 1a
provides a visual exposition of crack formation occurring during tensile
deformation in both the high Young’s modulus and low Young’s
modulus regions. Notably, a substantial disparity in crack density is
evident, with the high Young’s modulus region displaying significantly
lower crack density in comparison to the low Young’s modulus region.
The stress-strain curve depicted in the right-side illustration emphasizes
the substantial difference in Young’s modulus between these two re-
gions, serving as a crucial prerequisite for our subsequent applications.
In the preparation of the PDMS substrate, our initial step involved the
meticulous blending of PDMS oligomer and curing agent in a 20:1 ratio,
culminating in the formation of a PDMS substrate with low Young’s
modulus. The vinyl groups located at both terminals of the oligomer
partake in a chemical reaction with the Si-H bonds present in the curing
agent, giving rise to the establishment of an intricate three-dimensional
network structure. Subsequently, the curing agent is uniformly depos-
ited onto the pre-prepared PDMS substrate through spin-coating at
various rotational speeds. This procedure enables the curing agent to
continue its reaction with unreacted vinyl moieties within the PDMS
film, leading to the formation of a more intricate three-dimensional
network and, consequently, a modification in the material’s Young’s
modulus, as depicted in Fig. 1b. A detailed account of the fabrication
process for the proposed strain sensor employing a strain-isolated sub-
strate is delineated in Fig. S1, Supporting Information. For a compre-
hensive understanding of the experimental procedures and outcomes,
readers are directed to consult the corresponding section.

To assess the variation of PDMS mechanical properties during the
secondary cross-linking curing stage, PDMS films produced via spin-
coating the curing agent at varying rotational speeds were subjected
to mechanical testing utilizing a dynamometer, as visually represented
in Fig. S2a, Supporting Information. The PDMS membranes resulting
from each treatment condition were subsequently fashioned into rect-
angular cubes, measuring 4.0 cm in length, 1.0 cm in width, and 0.1 cm
in thickness. The stress-strain curves obtained from the polymer PDMS
films reveal a discernible trend: as the rotational speed of the spin-
coated curing agent increases, the stress-strain curve progressively
converges towards the behavior observed in untreated PDMS films that
did not undergo secondary curing treatment. The slope of these stress-
strain curves was employed to ascertain Young’s modulus of PDMS at
varying rotational speeds for the spin-coated curing agent, as exhibited
in Fig. S2b, Supporting Information. The results demonstrate a gradual



X. Pan et al.

[

Materials Today Physics 48 (2024) 101562

Circuit line

Stretch Integrated circuit (IC)
- \ , g
. 7 s
Dl ‘e 2 L3 ~“Sensor

=0 =201

15 =500rpm

a

=10 Patterning

505 elastomeric substrate
0.0

0 100 200
€ (%)

_SIi\O/TE\;O/SIi—

n=10
Ris usually CH, and sometimes H

Fig. 1. Strain isolation strategy. a) Schematic diagram of a stretchable circuit based on a strain-isolated substrate. The inset shows optical microscope photos of the
crack morphology in different regions and the stress-strain curves of the two parts. b) Chemical formula and cross-linking process of each component of PDMS.

reduction in Young’s modulus with the rotational speed of the spin-
coated PDMS curing agent increasing, covering a range from 0.026
MPa to 0.82 MPa. This variation underscores the diminishment in tensile
properties attributable to the presence of the curing agents. In pursuit of
optimizing strain isolation, untreated PDMS films featuring a substantial
stiffness contrast (~32) and spin-coating at 500 rpm during the sec-
ondary curing process were deemed most suitable for serving as the
sensitive layer and electrodes. This determination was predicated on the
analysis of the stress-strain curve. Furthermore, as evidenced in Fig. S2b,
Supporting Information, it is noteworthy that Young’s modulus appears
to converge around 500 rpm and 1000 rpm during the secondary curing
process. This convergence can be attributed to the saturation of the
chemical reaction between the curing agent and the pre-fabricated
PDMS substrate.

The currently accepted interpretation for cracked stretchable strain
sensors involves the disconnection and reconnection of cracked edges.
When an elastic substrate with a positive Poisson’s ratio is stretched in
the axial direction, it compresses in the transverse direction. This
behavior allows axial tension to disconnect the crack edges, while lateral
compression can reconnect them [37]. In a quest to explore the impli-
cations of these cracks on strain-isolated substrates, we scrutinized the
number of cracks present in PDMS films across diverse pre-stretching
conditions and varied Young’s modulus values. Notably, it was dis-
cerned that PDMS films endowed with Young’s modulus of 0.026 MPa
displayed a greater propensity for the development of heterogeneous
cracks during the pre-stretching process when contrasted with films
featuring divergent Young’s modulus values (Fig. S3a, Supporting In-
formation). In furtherance of our investigation, mathematical statistical
analyses were employed to ascertain the crack density resulting from the
pre-stretching of PDMS films characterized by differing Young’s
modulus values (Fig. S3b, Supporting Information). Higher Young’s
modulus films result in less cracks at the same tensile strain. Meanwhile,
we count the cracks on the soft substrate (Fig. S3c, Supporting Infor-
mation), and the crack density stays in a small range under the same
pre-stretching conditions, indicating that although our method is able to

maintain a good consistency overall. Compared to elastic substrates, the
strain-isolated substrates have a lower crack density and still maintain
good strain isolation for different substrate thicknesses. Furthermore, as
the continued application of strain, the PDMS film developed new cracks
with wider widths (refer to Fig. S4, Supporting Information). Regions
distinguished by lower Young’s modulus displayed a heightened prev-
alence of such cracks following strain stretching. By synergizing the
strain isolation strategy with the elucidated mechanism underpinning
the micro-crack sensor, we effectively demonstrate that it is feasible to
substantially curtail the crack density within PDMS substrates. This, in
turn, serves the dual purpose of shielding specific regions from
strain-induced deformations while concurrently minimizing the impact
of external mechanical stresses.

To demonstrate the efficiency of strain isolation, we fabricated PDMS
films with distinct mechanical properties. One PDMS film was treated
with a secondary spin-coating curing agent, resulting in a higher
modulus of 0.82 MPa, while another PDMS film remained untreated,
retaining a lower modulus of 0.026 MPa. Pentagrams were meticulously
imprinted onto discrete regions of the PDMS film, as shown in Fig. 2a.
After tensile deformation, the pentagram pattern persisted unaltered in
the region with the secondary spin-coated curing agent. In contrast, an
obvious distortion of the pentagram pattern was observed on the un-
treated PDMS film. This observation substantiates the viability of the
PDMS partition curing approach. To expound upon this phenomenon,
we conducted finite element analyses, as displayed in Fig. 2b and c. The
computational model contained a strain-isolation substrate and an un-
treated substrate, both subjected to a 2 % strain with the length of 15
mm. The finite element analysis demonstrated the selectivity in stress-
strain distribution exhibited by the strain-isolation substrate, in com-
parison to the uniform stress distribution of the untreated PDMS film.
Under tensile, the strain localized in the untreated portion of the PDMS,
while the stress concentration primarily occurred at the interface be-
tween the two regions, which is consistent with the experimental results
in Fig. 2a. Fig. 2d further elucidates the strain distribution along the
central axis at the top surface. Here, it is evident that the strain within



X. Pan et al.

Materials Today Physics 48 (2024) 101562

c

]

1 3 5 1 2 3 4 x10°
£ (%) o (N/m?)
d e f
— Untreated substrate 64 — Untreated substrate 1504
44 Strain-isolation substrate Strain-isolation substrate
- 54 Initial Initial
R 3 —~
= S 4 100-
[o] X = =i i
@ 2] IOS- Strain Strain é\: _
© = -
e % 2] 50
< 14 1] ¢ i
Untreated
o] _ substrate
04 ] } : . ' . . . 0 -
0 15 30 45 0 30 60 90 120 150 Untreated Strain-isolation
Position (mm) € (%) substrate substrate
g h i
o Untreated substrate i s Untreated substrate
204 o Strain-isolation substrate Strain-isolation substrate
poftitr . 5_
L4 e
15. v "."-."l"-'..-o.o"
?éc
5101 e
§
N/
04w
0 20 40 80 0 2 4 6 8 10 12 14
£ (%) Cycle (x10%)

Fig. 2. Electrical and mechanical properties of strain isolation substrate. a) Visual illustration of strain isolation. b) Strain distribution at the top surface of the strain-
isolated substrate under strain. c) Stress distribution at the top surface of the strain-isolated substrate under strain. d) Actual strain distribution (zero position
corresponds to the origin of the x-axis in b). €) The strain on the wire separated from the substrate in different parts. f) Error statistics of the strain on the separation of
the wire from the substrate. g) Untreated PDMS substrate and strain-isolated substrate as a function of tensile strain for micro-crack sensors, the inset is a picture of
the crack under the optical microscope. h) Stability of strain-isolated substrate sensors versus common substrate sensors (under 2 %). i) Comparison of the gold film:

the red rectangle is unprotected, blue rectangle is protected.

the untreated PDMS reached a magnitude of 3.96 %, while, it was
notably reduced to a mere 0.17 % in the strain-isolated PDMS. In
contrast, the strain distribution in the untreated PDMS film exhibited a
relatively even distribution around 2 %. These results identified the
efficiency of strain isolation achieved by localized treatment of the
PDMS substrate, thus rendering it conducive for the placement of
functional components.

Although the strain generated during sensor testing and utilization
does not inherently induce damage to the performance of sensor, it is
important to note that the electrode employed in testing may separate
from the sensor due to the elevated levels of strain incurred during
loading and unloading processes. Such separation can lead to sensor
damage prior to its installation and operation. To demonstrate the
effectiveness of the zoning strategy in mitigating damage occurring
during the transport and installation, electrodes were deposited on
PDMS films with and without strain isolation, respectively, and their
stability during the stretching process was examined. All test devices
were assessed with the copper wire directly connected from the elec-
trode to the testing instrument, which frequently resulted in the
disconnection of the copper wire from the electrode. As depicted in
Fig. 2e, the electrode situated on the PDMS film with strain isolation
exhibited a higher strain tolerance in comparison to the untreated PDMS
film. Notably, the electrode of the strain-isolation PDMS film displayed
fewer cracks and experienced fewer crack formations during the
stretching process, as visually represented in the inset of Fig. 2e. Based

on the experimental outcomes, it was determined that the wire became
disconnected from the sensor on the untreated PDMS film at a strain of
about 60 %, while the wire was connected with the sensor on the strain-
isolation PDMS film until a strain of about 140 %. Fig. 2f exhibits several
failure experimental results, which demonstrate that the strain-isolation
substrates represent a higher tolerance of strain (~120 %) than the
untreated substrate (~60 %).

PDMS films with different Young’s modulus were employed as sub-
strates for the preparation of strain sensors intended for strain-stretching
assessments. As illustrated in Fig. 2g, it is evident that with the increase
of strain, the electrical resistance of the untreated PDMS film experi-
ences a sharp and pronounced increase, whereas the resistance of the
strain-isolation PDMS film undergoes a more moderate increase,
remaining below five times the initial resistance within the 60 % strain.
This phenomenon can be attributed to the less crack formation in the
strain-isolation PDMS film, a consequence of its elevated Young’s
modulus. In addition, the stability of the strain-isolated substrate was
explored as shown in Fig. 2h and Fig. S5. The tensile testing included the
electrode region. It was observed that the resistance of the conventional
sensor commenced its ascent after approximately 19,000 cycles (under
2 9% strain), while the resistance of the strain-isolated sensor remained
stable for approximately 20,000 cycles. Compared to the untreated
substrate, the strain-isolated strain sensor demonstrates superior per-
formance stability, demonstrating the advantages of the strain-isolated
substrate in terms of enhancing sensor stability. Fig. 2i provides a
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more immediate and visual insight into the influence of strain isolation.
A series of gold squares was magnetron sputter deposited onto the
substrate, with some strategically positioned in the flexible region
(marked in red, unprotected part) and others in the rigid region (marked
in blue, protected part). After unidirectional stretching, conspicuous
deformation was evident in the unprotected gold squares, standing in
stark contrast to the pristine condition observed in the protected blue
region.

The partitioning of Young’s modulus on a PDMS substrate serves as
an effective strategy for the challenge of unstable connections between
rigid components on elastic substrates. Implementing a strain sensing
system also requires the preparation of highly sensitive strain sensors.
Fig. 3a illustrates the operational principle of the crack strain sensor.
During the initial pre-tensioning process, some parallel cracks perpen-
dicular to the pre-strain direction are generated, and after the release of
the pre-strain, the majority of these cracks remain sealed, with their
edges overlapping. This sealing phenomenon is pivotal for the sensor’s
efficacy. With the increase of the strain, the number of cracks gradually
increases, and the mechanism governing changes in electrical resistance
evolves from the overlapping effect to the tunneling effect, leading to a
rapid surge in resistance under high levels of strain, as delineated in
Fig. S4. The width and density of the cracks engendered during pre-
stretching serve as determinants of the sensor’s sensitivity. Greater
crack density enables the sensor to exhibit heightened responsiveness to
strain variations. The design objective of a crack strain sensor is to

Overlap region

| 1
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generate an increased density of cracks within the strain-sensitive region
to facilitate heightened sensitivity to strain fluctuations, while simul-
taneously maintaining fewer cracks in the electrode connection area to
mitigate the impact of strain changes on the electrode signal. Conse-
quently, the control of crack density allows for the achievement of
varying levels of sensitivity in the sensor. Cracks emerge as a conse-
quence of the Young’s modulus disparity between the elastic substrate
and the metallic layer. Therefore, by adjusting the discrepancy in
Young’s modulus between the elastic substrate and the metallic layer, it
is feasible to regulate the sensitivity of the strain sensor. In the regions
with high Young’s modulus, fewer cracks are generated during pre-
stressing, rendering them suitable for stable electrode connections
owing to their reduced sensitivity to strain. Conversely, regions with
lower Young’s modulus generate a greater density of cracks, which
translates to heightened responsiveness to changes in strain, as shown in
Fig. S3.

On this foundation, we engineered a crack strain sensor capable of
maintaining a secure and robust connection with the protective elec-
trode. The strength of a substrate is directly proportional to its Young’s
modulus and is inherently linked to the cube of the substrate’s thickness
[38]. Consequently, the thickness of the substrate plays a pivotal role in
the formulation of strain sensors [39,40]. To further investigate the
sensitivity of the crack strain sensor, we explored the impact of PDMS
film with various thicknesses on sensor responsiveness. As shown in
Fig. 3b, the relative change in resistance (AR/Rg) in PDMS films of
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Fig. 3. Electrical properties of strain sensor. a) The proposed working mechanism of the micro-cracked strain sensor. b) Relative resistance variation of strain sensors
based on strain-isolated substrates of different thicknesses. c) Five cycles of strain sensors based on strain-isolated substrates at different strains. d) R/R, variation
under an individual stretching cycle with the strain of ~3.5 %. €) The minimum detectable strain limit of the sensor. f) The mechanical stability of the strain-isolated
substrate sensor at 2 % strain. The inset is the period of the sensor response. g) The response time of the strain isolation sensor. Response time and recovery time are

67 ms and 131 ms respectively.
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different thicknesses exhibited a pronounced increase with the imposi-
tion of strain. Notably, as the thickness of the PDMS films increased, the
relative resistance changes gradually diminished in response to strain.
This observation underscores the utility of thickness modulation in
PDMS films as a viable strategy for tailoring the performance of strain
sensors. Thinner PDMS films exhibit exceptional sensitivity yet exhibit
poorer stability, whereas thicker PDMS films offer enhanced reliability
at the expense of reduced sensitivity. Consequently, we selected a PDMS
film thickness of 500 pm for the strain sensor, striking a balance that
yields an optimal compromise between sensitivity (over 23000 at 2 %
strain, Fig. S6) and overall performance, thus suitable for further elec-
trical testing.

In the fabrication of the sensitive layer through magnetron sputter-
ing, the thickness of the silver film exerts a significant influence on the
initial resistance and the extent of relative signal response variation
exhibited by the sensor. We conducted exploratory investigations with
different sputtering times in Fig. S7, and observed a direct correlation
between the sputtering time and the silver film thickness. As the sput-
tering time increased, the silver film thickened, leading to a concomitant
reduction in the initial resistance and a decrease in sensitivity. Notably,
the strain sensor exhibited remarkable stability and reproducibility
across five consecutive cycles, each involving different strain levels
(with a 0.7 % strain change), as shown in Fig. 3c. Also, our strain sensors
maintain a good response to 3 % strain applied at different rates
(Fig. S8). Fig. 3d displays the instantaneous response of the strain
isolation sensor during successive tensile and release cycles with strains
ranging from 0 % to 3.5 %, which demonstrates the sensor’s flexibility
and minimal hysteresis. However, it is worth noting that the relative
resistance change from maximum strain release is slightly smaller than
that observed during stretching at the same strain level. This diminish-
ment can be attributed to the gradual recovery of PDMS following
extensive stretching, which gives rise to a certain degree of hysteresis
[41]. Moreover, a fixture platform was carefully designed for
sensitivity-based tensile testing. As shown in Fig. 3e, the sensor’s
capability to detect minimal strain variations was rigorously assessed by
subjecting it to cyclic strains ranging from 0 % to 0.072 %, while
simultaneously recording the ensuing alterations in resistance. The
sensor reliably detected strain changes as small as 0.072 %, which is
equivalent to a displacement of only 0.01 mm. These observations
conclusively affirm the sensor’s exceptional sensitivity, rendering it
proficient in the precise detection of minuscule strains applicable in
real-world scenarios. In order to assess the durability and longevity of
the strain sensors, transient responses of relative resistance changes
(AR/Ryp) were monitored during a series of repeated stretch-and-release
cycles involving a 2 % tensile strain. Here, Ry represents the initial
resistance prior to strain application. It is pertinent to note that when the
initial strain is applied, the silver film within the sensor experiences
crack formation, which subsequently leads to an increase in resistance.
Consequently, the initial resistance (Rg) exhibits an initial drift and
subsequently reverts to a value lower than its original magnitude. In
order to mitigate this phenomenon, a higher tensile strain of 3 % was
employed during the pre-stretching to eliminate the influence of irre-
versible damage and establish a more consistent strain baseline. As
shown in Fig. 3f, there was no significant difference in relative resistance
changes even after 140,000 cycles. The inset in the figure demonstrates
that there was no discernible change in the resistance change before and
after the extended stability testing, proving the sensor’s resilience and
longevity in demanding operational environments. The dynamic
response time, denoting the interval required for resistance to transition
from 10 % to 90 %, is a pivotal parameter governing the sensor’s per-
formance in responding to external strains. Swift response characteris-
tics hold substantial advantages, particularly in applications of real-time
human movement monitoring and human-computer interaction. Fig. 3g
exhibits a response time of 67 ms and a recovery time of 131 ms. The
relatively longer recovery time is attributed to the inherent hysteresis
tendencies inherent in stretchable polymers during the stretching
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process. In conclusion, the thickness of the PDMS substrate and the
deposition thickness of the sensitive layer are considered as pivotal
factors determining the performance of the strain sensors. Through the
deliberate adjustment of these parameters, strain sensors can be
designed to exhibit a range of sensitivities, while simultaneously
maintaining diverse degrees of stability and reliability. The sensors still
have high sensitivity compared to other work (Fig. S9). The
strain-isolated PDMS substrates have demonstrated commendable per-
formance in terms of stability, reproducibility, and response time,
thereby making them suitable for practical applications demanding ac-
curate and real-time strain detection.

Capitalizing on the amalgamation of electrical conductivity, flexi-
bility, stretchability, and sustained stability inherent in the zoned sub-
strate, the sensors have been carefully designed to mimic the skin’s
functionality, exhibiting the capability to respond dynamically to vari-
able stimuli and facilitate real-time monitoring of human motions. Fig. 4
displays the sensor integration into the knuckle region of a finger,
illustrating its ability to respond to various stimuli. The resistance
change signals originating from the second knuckle of the index finger
with five distinct motion states are exhibited in Fig. 4a. The stability and
repeatability of the sensor are determined through repetitive finger
movements, consisting of five repetitions for each state, respectively,
thereby yielding five peak resistance. It ensures that each distinct mo-
tion state of the second knuckle of the index finger is reliably and pre-
cisely represented through the electrical resistance signals. Fig. 4b
provides a visual testament to the strain sensor’s remarkable sensitivity
in discerning subtle changes in joint movements, as it responds precisely
to even minute angular variations, demonstrating its efficiency in
capturing subtle changes in joint motion. Furthermore, Fig. 4c displays
the integrated three distinct sensors on the same substrate, each affixed
to different finger joints, respectively. This sensor array achieved
simultaneous tracking of strain variations in multiple joints, each
involved in distinct gestures. This was prepared through the utilization
of an interval-distributed partitioned PDMS substrate, where three
sensors are seamlessly incorporated into the three joints of the little
finger, as shown in Fig. 4d. This integrated setup offers the capability to
discern and discriminate various finger movements. In addition, five
sensors integrated into a glove enable the comprehensive analysis of the
entire hand’s finger movements. When multiple fingers engage in
simultaneous motion, the movement data for each individual finger can
be effectively translated into distinct resistance signals. By amalgam-
ating these resistance signals from the five sensors, a composite resis-
tance signal representing a specific gesture can be ascertained, as
exemplified in Fig. 4e. The variations in resistance signals corresponding
to diverse gestures, such as those denoted as gestures 1, 5, 6, and
clenching, can be accurately identified. Importantly, it is imperative to
note that the data acquisition channels associated with the five fingers
remain independent of each other, ensuring that they do not mutually
interfere during different gestures. In summary, through the adept use of
the zoned substrate and the integration of multiple sensors into a unified
device, the functionality of human skin could be simulated well by the
strain sensors. Consequently, it represents in the recognition and
comprehensive analysis of real-time human movements.

To further investigate the potential of the strain isolation substrate in
the reorganization of external stimuli, we designed a 4 x 4 strain sensor
array based on the strain isolation substrate. The preparation of the
array is illustrated in Fig. S10, Supporting Information. This array serves
as a versatile tool for perceiving the distribution of external stimuli,
enabling the detection and localization of various stimuli patterns.
Different mold shapes were employed to subject the sensing array to
different stimuli patterns. When a cube was positioned at a specific pixel
within the device, the relative resistance changes obtained by the 4 x 4
strain sensor array reflect the precise location of the applied stimulus, as
displayed in Fig. 5a. This unique capability of the sensor array could
detect and localize external stimuli. Moreover, Fig. 5b and Fig. S11
comprehensively exhibit the resistance responses, reflecting the
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characters "Z," "L," "C," and other shapes when applied as stimuli. It is
noteworthy that, due to the effects of the stimulus point, adjacent pixels
in the vicinity may also record resistance fluctuations, potentially
influencing the precision of external stimulus identification. In sum-
mary, the strain isolation substrate, in combination with a sensor array
demonstrates its immense potential in the realm of detecting and
accurately localizing external stimuli. By further integrating these sen-
sors into a glove and implementing machine learning algorithms, this
technology stands poised to advance gesture recognition and facilitate
precise grasping operation recognition.

The utilization of serpentine electrodes in device design brings forth
a remarkable flexibility characteristic, endowing the electrodes with an
extraordinary capacity for bending and stretching. This characteristic
empowers electronic devices the ability to seamlessly conform to various
geometric configurations, including curved surfaces, thereby substan-
tially broadening their potential applications. Furthermore, serpentine
electrodes offer a practical solution to the issue of conventional metal
electrodes invariable even under minimal strain, thereby making them
an optimal choice for integration into stretchable systems. In addition,
their planar configuration aligns comfortably with Printed Circuit Board
(PCB) bonding procedures, making them a widely adopted electrode
structure in the field of stretchable electronics. Previous research en-
deavors encountered formidable challenges when integrating conven-
tional rigid components into stretchable electronics that employ
electrodes and flexible substrates. These challenges emanate from the
inherent brittleness of rigid components and their mechanical and
chemical incompatibilities with flexible substrates, frequently culmi-
nating in issues such as structural fracture and separation. In order to
systematically address and overcome these formidable challenges, we
have proposed an approach that capitalizes on the incorporation of
serpentine electrodes within a framework complemented by strain
isolation substrates. The distinctive geometry of serpentine electrodes
plays a pivotal role in the alleviation of mechanical stress concentration
and the mitigation of strain experienced by electronic devices during
bending or stretching. This innovative design consequently enhances the
overall stability and elasticity of the device. Meanwhile, the utilization

of strain isolation substrates is considered as an effective strategy to
enhance the overall stability of rigid components subjected to strain. In
order to address these challenges, we have introduced two novel
structural solutions, designated as Structure I and Structure II. Wherein,
Structure I is characterized by a serpentine electrode composed of high
Young’s modulus PDMS enclosed within a low Young’s modulus PDMS
substrate, while Structure II involves a serpentine electrode made of low
Young’s modulus PDMS, enveloped by a high Young’s modulus PDMS
substrate. Both of these structural configurations exhibit notable en-
hancements in terms of strain isolation when compared to Structures III
and IV, which are a high Young’s modulus PDMS substrate and a low
Young’s modulus PDMS substrate, respectively, and do not possess
inherent strain isolation capabilities. The discernible resistance changes
under strain for these structures are represented in Fig. 5c, where
Structures I and Il demonstrate the significant decrease of resistance. To
enhance understanding of the strain isolation capabilities inherent to
Structure I and Structure II, we conducted finite element analysis.
Fig. 5d exhibits the simulation results of four structures, respectively,
which verified that there is a degree of strain isolation in both Structure I
and II in comparison to the PDMS substrates without the partitioned
structure. Through the comprehensive analysis, Structure I (a high
Young’s modulus PDMS electrode enclosed within a low Young’s
modulus PDMS) was considered as the preferred design meeting the
specified requirements.

This method can be extended to the design of stretchable circuits by
incorporating diverse patterns of high Young’s modulus PDMS within
low Young’s modulus PDMS substrates. High Young’s modulus regions
of PDMS substrates serve as hosts for non-stretchable rigid components
in conjunction with serpentine electrodes (Fig. 5e), thus safeguarding
these rigid elements against strain-induced stresses. To demonstrate the
practicality of this approach, a circuit was designed based on Structure I.
The circuit, together with an LED, was strategically positioned on a rigid
island to mitigate strain exerted on the LED during stretching, ensuring
its stable operation. A comparative analysis was conducted between the
circuit benefiting from strain isolation treatment (Structure I) and an
identical circuit devoid of such treatment (Structure IV in Fig. 5c). As
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visualized signals of LEDs by finger bending.

shown in Fig. 5f, the circuit equipped with strain isolation treatment
exhibited the remarkable capability of sustaining LED illumination even
under a 10 % strain condition, with almost no change in brightness. In
contrast, the circuit without strain isolation treatment exhibited elec-
trical failure at a mere 0.4 % strain, leading to the abrupt extinguishing
of the LED. This phenomenon serves as a compelling testament to the
manifold advantages of the strain isolation strategy, which offers a
feasible resolution for the integration of diverse systems. It clarified the
substantial potential in the strain isolation methodology for flexible
circuit integration, to enhance mechanical robustness and functional
integrity.

To demonstrate the exceptional performance of our prepared strain-
isolating substrates, we fabricated tactile gloves capable of visualizing
finger movement (Fig. 5f). On each joint of these gloves, a micro-crack
tactile sensor is positioned, accompanied by an LED mounted on a
rigid island connected to it. The input strain is induced through finger
bending, with each LED responsive to the corresponding finger’s
movement. This innovation is poised for integration into hand

communication systems, as it empowers users to control LEDs directly
through distinct finger actions. We successfully demonstrated that the
unique movements of all five fingers can be employed to operate these
LEDs. The glove holds great promise for the expansion of communica-
tion systems, facilitating interactions between humans, machines, and
even machine-to-machine interfaces through straightforward hand
gestures. Moreover, this system exhibits considerable potential for
various biophotonic applications [42,43].

3. Conclusion

In this research, we have introduced an innovative strain-isolation
strategy and developed strain-isolation substrates with various
Young’s moduli, with a notable maximum modulus ratio of 30 times
within a single elastic substrate. This pioneering approach to integrating
strain isolation effectively alleviates the occurrence of micro-cracks. In
comparison to traditional flexible substrates, the substrates with strain
isolation remarkably amplify the stability of interconnections between
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rigid components and electrodes. Furthermore, they exhibit heightened
tensile failure strain thresholds (120 %) and longer operational life (over
140,000 cycles) under strain conditions. This significant progress in
strain isolation technology substantively supports the elasticity and
longevity of stretchable systems, thereby rendering them more
dependable for practical utilization. In addition, to cater to the diverse
requirements of different applications, we have designed sensors with
various sensitivity levels, allowing them to address the specific demands
of different usage conditions. For the practical embodiment of a
stretchable micro-crack strain sensing system, a stretchable sensing
array was prepared to accurately distinguish a series of arrayed strain
stimuli. This array achieved the capacity for precise detection and dif-
ferentiation among various types of strains. Furthermore, we have
designed serpentine electrodes featuring stretchability, serving as ideal
platforms for the integration of rigid components such as LEDs onto rigid
islands. This combination of rigid and stretchable elements exemplifies
the versatility and potential of our technological advancement. As a
consequence, our technology holds extensive applicability across a va-
riety of stretchable electronic products, ensuring robust endurance in
the diverse modes of deformation. This progress drives closer to the
commercialization of stretchable electronic products, poised to cater to
numerous practical functions while enhancing the adaptability of elec-
tronic devices.

4. Experiment section
4.1. Fabrication of the strain-isolating substrate

The fabrication process commenced by initially treating a glass
substrate through immersion in a mixed solution of n-hexane and
Octadecyl trichlorosilane (OTS) at a volume ratio of 200:1 for a duration
of 25 min, followed by a meticulous cleansing procedure involving
acetone and deionized water. Subsequently, a PDMS (Sylard 184, Dow
Corning) mixture was meticulously prepared, adhering to the base/
cross-linkers mass ratio of 20:1. The PDMS film was then meticulously
created via the spin coating method, where it was applied to the pre-
viously treated glass substrate. The as-prepared PDMS film was placed
into an oven environment set at 80 °C for 4 h, thereby forming a
stretchable PDMS film. The thickness of the PDMS film falls within the
range of 500-1000 pm, contingent upon the quality of the material
before undergoing the curing process. To achieve the selective second-
ary curing of PDMS, the already cured PDMS film was covered the
patterned Kapton mask prepared by a laser cutting. Next, the curing
agent was uniformly spin-coated onto the PDMS film, with rotation
speeds ranging from 500 to 5000 rpm/s for 60 s. Following this step, the
composite material was subjected to a controlled temperature of 80 °C
for 1 h. Finally, the Kapton mask was diligently removed, thereby
yielding the selectively cured PDMS film. Finally, after a constant tem-
perature of 80 °C for 1 h and carefully peeling off the Kapton mask, the
selective curing PDMS film was prepared. Fabrication of Ag film on
PDMS.

4.2. Fabrication of Ag film on PDMS

Firstly, an Ag film was meticulously deposited atop the PDMS film
via magnetron sputtering, facilitated by the presence of a Kapton mask,
for approximately 5 min, while operating at a sputtering power of 60 W.
Secondly, the Kapton mask was removed, allowing for the subsequent
step of Ag film deposition. Subsequently, an additional layer of Ag film
was deposited with another specific patterned Kapton mask as, still
operating at 60W of sputtering power, but with 3 min, via magnetron
sputtering. Finally, after removing the Kapton mask, the as-prepared
PDMS film was stripped easily which benefitted from surface treat-
ment before and a strain sensor with parallel cracks was obtained by
applying 10 % strain to pre-stretching.

Materials Today Physics 48 (2024) 101562

4.3. Fabrication based on a strain-isolation substrate sensor array

Firstly, the glass substrate and a PDMS film were prepared according
to the previously outlined method. Subsequently, a 500 pm-thick PDMS
film was cured onto the suitably prepared glass surface. Next, Ag films,
featuring various thicknesses, were deposited onto the PDMS film to
serve as both the electrode and the sensitive layer, employing the same
deposition technique detailed previously. Finally, an array comprising
multiple micro-crack sensors was achieved through the application of
pre-stretching.
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