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Abstract
It is significant to develop stretchable electronics based on silicon materials for
practical applications. Although various stretchable silicon structures have
been reported, electronic systems based on them exhibit limited stretchability
due to the constraints between them and polymer substrates. Here, an inno-
vative strategy of deformation mismatch is proposed to break the constraints
between silicon structures and polymers and effectively reduce the strain
concentration in silicon structures. As a result, encapsulated serpentine silicon
strips (S‐Si strips) achieve unprecedented stretchability, exceeding 120%. The
encapsulated S‐Si strip also exhibits remarkable mechanical stability and
durability, enduring 100 000 cycles of 100% stretch without fracture. The effect
of key parameters, including the central angle, thickness, and width of the S‐Si
strip, on the deformation mismatch is revealed through combing experiments
and theoretical analysis, which will guide the rational implementation of the
deformation mismatch strategy. Electrical testing showcases the strain‐
insensitive nature and good electrical stability of encapsulated S‐Si strips,
benefiting practical applications. This work provides a new paradigm of silicon
materials with excellent stretchability and will facilitate the development of
stretchable electronics.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

© 2024 The Author(s). FlexMat published by John Wiley & Sons Australia, Ltd on behalf of Nanjing University of Posts & Telecommunications.

150 - FlexMat. 2024;1:150–159. wileyonlinelibrary.com/journal/flm2

https://doi.org/10.1002/flm2.27
https://orcid.org/0000-0003-0520-1058
https://orcid.org/0000-0002-6732-2499
mailto:zhangbingchang@suda.edu.cn
mailto:jianzhongzhao@tsinghua.edu.cn
mailto:xiaohong_zhang@suda.edu.cn
https://orcid.org/0000-0003-0520-1058
https://orcid.org/0000-0002-6732-2499
http://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/journal/28369106


KEYWORD S
deformation mismatch, encapsulated, serpentine silicon strips, stretchable electronics,
stretchable silicon structures

1 | INTRODUCTION

Stretchable electronic systems have attracted extensive
attention for their potential in various applications such
as electronic skins,[1–4] implantable electronics,[5–7] and
soft robots.[8–11] They can be achieved by combining
stretchable electronic materials with polymer sub-
strates.[12–15] Current research trends emphasize the
exploration of stretchable electronic materials, particu-
larly in the realm of organic materials[16–18] and hydro-
gels.[19,20] Despite many efforts, currently there are no
widely accepted dominant materials for stretchable elec-
tronics. Silicon is one of the dominant materials in
traditional electronic systems and has been widely
applied in consumer electronics.[21–24] However,
commonly used silicon wafers exhibit rigidity and brit-
tleness, which make them almost unsuitable for stretch-
able electronic systems.[25–27]

To promote the use of silicon in stretchable electronic
systems, strategies of island‐bridge configuration and
deformation transition have been proposed.[28] In the
strategy of island‐bridge configuration, non‐stretchable
silicon is used as the rigid island, while stretchable
electrodes are employed as bridges to interconnect be-
tween the rigid islands.[29–32] Although the systems are
overall stretchable through the deformation of the elec-
trodes, the rigid islands are fragile and the interfaces are
unstable under a large stretch, constraining the stretch-
able range of the systems.[33] In the deformation transi-
tion strategy, stretchability is endowed to silicon
materials by transforming the local bending deformation
into an overall stretch.[34] Stretchable silicon structures of
deformation transitions can be fabricated in two different
ways. On the one hand, wave‐like silicon ribbons and
silicon helixes can be obtained through designed folding
under the action of pre‐strained polymers.[35–37] On the
other hand, serpentine silicon structures can be directly
obtained through masked etching or induced growth.[38–

41] These stretchable silicon structures were integrated
with polymer substrates for use in stretchable electronic
systems. However, their stretchability remains below 50%
(Table S1), far from meeting the demands of applications
like conformal electronic skins and soft robotics, which
typically require stretchability exceeding 100%.[42–45]

2 | RESULTS AND DISCUSSION

2.1 | Theoretical analysis of the
deformation mismatch strategy

The limited stretchability of the above electronic systems
based on stretchable silicon structures is attributed to the
strain concentration and fracture of silicon structures
induced by the constraints of the polymer substrates,
which is confirmed with finite element analysis (FEA)
(Figure 1). The elongation rate is defined as the ratio of
the increase in distance between the two endpoints of the
sample to the original distance. When a serpentine silicon
strip (S‐Si strip) is freely stretched to 60% without any
constraint, the maximum strain occurs at the inner ver-
texes of each curved beam and the value is 0.52%
(Figure 1A). In contrast, the maximum strain reaches a
larger value of 0.64% when an S‐Si strip is bonded to a
polymer substrate. It indicates that the S‐Si strip inte-
grated with a polymer substrate will suffer from strain
concentration and is easier to fracture because the
bonding with the polymer restricts the strip to follow the
deformation mode of the polymer instead of the lowest
strain energy. Nevertheless, the strain concentration will
be greatly reduced if the bonding between the S‐Si strip
and the polymer is removed and a deformation mismatch
occurs. As shown in Figure 1C, the maximum strain in
the strip decreases to 0.55%, which is similar to the case
of the freestanding S‐Si strip. This means that the
stretchability of S‐Si strips integrated with polymers can
be greatly improved through deformation mismatch,
which has almost not been observed in previous works.

In this work, designed deformation mismatch is pro-
posed as an effective strategy to boost the stretchability of
S‐Si strips integrated with polymers (i.e., encapsulated S‐
Si strips) by over 120%. The constraints between silicon
structures and polymers can be broken through defor-
mation mismatch, which effectively reduces the strain
concentration in silicon structures and enables them to
withstand large stretching. The encapsulated S‐Si strip
also exhibits remarkable mechanical stability and dura-
bility, enduring 100 000 cycles of 100% stretch without
fracture. This strategy provides a new route to solve the
problem of excessive constraints and strain concentration
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in hybrid stretchable systems and will promote the wide
applications of S‐Si strips in stretchable electronics.

2.2 | Experimental research on the
stretchability and robustness of
encapsulated S‐Si strips

S‐Si strips are prepared through dry etching masked by
photolithography (Figure 2A). First, a resist layer is
patterned onto a silicon‐on‐insulator (SOI) wafer. The
exposed top layer of silicon is removed in a deep reactive
ion etching (RIE) process. After eliminating residual
photoresist with acetone, the buried oxide layer is etched
with hydrofluoric acid to liberate the S‐Si strip from the
underlying silicon substrate. Then, the S‐Si strips are
transferred onto a cured Ecoflex substrate, followed by
casting uncured Ecoflex to complete the encapsulation
process. Figure 2B shows the SEM images of typical S‐Si
strips fabricated from SOI wafers with a top silicon layer
thickness of 30 μm.

Deformation mismatch can occur through stretching
the encapsulated S‐Si strip to a critical elongation rate of
50%–60% (Figure 2C). The corresponding microscopic
images show that the S‐Si strip undergoes conformal
deformation with the polymer under a small elongation

rate of 40%, while the process of deformation mismatch
between the S‐Si strip and the polymer can be observed as
the stretch exceeds 60% (Figure 2D–F). In Figure 2F, the
black line is the S‐Si strip and the bright white line rep-
resents a side of the polymer trench. The S‐Si strip is
obviously separated from the side of the polymer trench
under the elongation rate of 70%, reflecting the complete
deformation mismatch.

With deformation mismatch, the encapsulated S‐Si
strip can be stretched to 100% without fracture
(Figure 3A). The stretch limit reaches over 120%, where
fracture of the S‐Si strip occurs (Figure S1). Moreover, it is
noted that after the encapsulated S‐Si strip is stretched over
the critical elongation at the first stretch, the deformation
mode at the subsequent stretch is different from that at the
first stretch. As shown in Figure 3B, the encapsulated S‐Si
strip recovers to its original status without apparent
structural misalignment when the elongation rate is
reduced to 0% after the first stretch. In the subsequent
stretches, deformation mismatch will occur, no matter
under a little or large stretch (Figure 3B–D). This is because
the interface between the S‐Si strip and the polymer is
irreversible, and the reduced constraint allows the struc-
ture to deform in the form of the lowest strain energy. In
addition, stretching of 100 000 cycles at a 100% elongation
rate was performed on an encapsulated S‐Si strip

F I GURE 1 Finite element analysis of the strain distribution in stretched S‐Si strips. (A) The strain distribution of an S‐Si strip
stretched to 60% freely. (B) The strain distribution of an encapsulated S‐Si strip with interface bonding stretched to 60%. (C) The strain
distribution of an encapsulated S‐Si strip without interface bonding stretched to 60%.
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F I GURE 2 Fabrication and characterization of S‐Si strips. (A) Schematic illustration of the processes for fabricating encapsulated S‐Si
strips. (B) SEM images of S‐Si strips on an Ecoflex substrate. (C) The illustration of the first‐time tensile process of encapsulated strips. (D–
F) The microscopic images of an encapsulated S‐Si strip at elongation rates of (D) 0%, (E) 40%, and (F) 70% in its first‐time tensile process.

F I GURE 3 The stretching performance of the encapsulated S‐Si strip. (A) The microscopic image of an encapsulated S‐Si strip at an
elongation rate of 100%. (B–D) The microscopic image of an encapsulated S‐Si strip stretched to (B) 0%, (C) 40%, and (D) 70% after
deformation mismatch. (E) 15‐cycle loading curve of an encapsulated S‐Si strip from 100 000 cycles of 100% stretch. (F) The microscopic
image of the encapsulated S‐Si strip recovered to its initial state after 100 000 cycles of 100% stretch.
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(Figure 3E and Figure S2). The structure remained stable
without fracture and recovered to its original state after all
the cycles (Figure 3F), demonstrating the outstanding
durability of the encapsulated S‐Si strip. Furthermore, the
deformation of the Si strip embedded zone is found
consistent with that of the corresponding region in a ho-
mogenous Ecoflex elastomeric polymer, indicating that
the embedding of S‐Si strips has no discernible effect on the
deformation behavior of the polymer (Figure S3).

2.3 | Effect of the central angle on the
stretchability of encapsulated S‐Si strips

Although encapsulated S‐Si strips with stretchability over
100% can be achieved through the deformation mismatch

strategy, it is noted that deformation mismatch is
dependent on the structure parameters. The central
angle of the curved beam (θ) in the S‐Si strip is an
important parameter that impacts the deformation form
and strain concentration of encapsulated S‐Si strips. S‐Si
strips with central angles of 1.3 π, 1.4 π, 1.5 π, and 1.6 π
were prepared and subjected to encapsulated stretching
tests until fracture (Figure 4A). Only S‐Si strips with a
central angle of 1.5 π experienced a deformation
mismatch after completing 60% of conformal deforma-
tion, ultimately reaching an elongation rate of 123%. In
contrast, S‐Si strips with central angles of 1.3 π, 1.4 π,
and 1.6 π fractured at elongation rates of 42%, 47%, and
33%, respectively, and no deformation mismatch
occurred. In addition, the fractures first occur at the
vertexes of each curved beam for all the samples

F I GURE 4 The effect of the central angle on the stretch limit of encapsulated S‐Si strips. (A) The relationship between the stretch limit
and the central angle of encapsulated S‐Si strips. (B–D) The overlapped photographs of encapsulated S‐Si strips with central angles of
(B) 1.4 π, (C) 1.5 π, and (D) 1.6 π at 0% and 25% elongation rate. (E) The illustration of the curvature fitting. (F) The relationship between
the maximum strain at the inner vertex and the central angle of encapsulated S‐Si strips at a 25% elongation rate.
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(Figure S4), indicating strong strain concentration in
these positions.

To explore the reasons for different stretchability,
microscopic images of S‐Si strips with different central
angles at 0% and 25% elongation rates were overlapped
(Figure 4B–D and Figure S5). It is observed that both the
overall deformation of the S‐Si strips and the local
bending deformation around the vertexes are very
different. For encapsulated S‐Si strips at a 25% elongation
rate, the inner curvatures κ2 of the vertexes are fitted by
drawing a circle through the vertex and 50 μm points on
the left and right sides of the vertex (Figure 4E). The
maximum tensile strain at the inner vertex of the curved
beam can be expressed as follows:[46]

ε¼
1
2
ðκ2 − κ1Þw; ð1Þ

where κ1 is the initial curvature of the undeformed S‐Si
strip and w is the track width. By substituting the fitted
κ2 into Equation (1), the maximum tensile strains for S‐Si
strips with different central angles are calculated and
depicted in Figure 4F. The maximum tensile strains for S‐
Si strips with central angles of 1.3 π, 1.4 π, and 1.6 π at a
25% elongation rate are 1.07%, 1.01%, and 0.98%,
respectively. It means that the maximum tensile strains
in these samples will quickly approach the 1.25% fracture
strain of silicon when continuously stretching from the
25% elongation rate. Therefore, the stretch limit of these
samples has relatively small values of 30%–50%. In
contrast, the maximum tensile strain for the S‐Si strip
with a central angle of 1.5 π is 0.69%, obviously lower
than those for the other samples. This strip can be con-
formally stretched to 60% without fracture. When the
encapsulated S‐Si strip was further stretched from the
60% elongation rate, a deformation mismatch between
the strip and the polymer occurred. The deformation
mismatch further decreased the strain concentration in
the S‐Si strip and resulted in a 123% stretch limit.

The experimental performances of encapsulated S‐Si
strips with different central angles can be understood as
follows: deformation mismatch occurs when the pulling
force at the interface of the S‐Si strip and the polymer is
large enough to separate them (Video S1). The pulling
force at the interface is positively related to the elonga-
tion rate of the sample because the difference in defor-
mation modes between the S‐Si strip and the polymer
increases with the increase in the elongation rate. As a
result, the occurrence of a deformation mismatch re-
quires a critical elongation rate, such as 60% for the
sample with a central angle of 1.5 π. Nevertheless, the S‐
Si strips with other central angles fracture at a small
elongation rate of 30%–50%, smaller than the critical

elongation rate. Therefore, deformation mismatch is
difficult to occur in these samples.

2.4 | Effect of the width and thickness
on the stretchability of encapsulated S‐Si
strips

The occurrence of deformation mismatch in encapsulated
S‐Si strips is also related to the in‐plane bending stiffness
of Si beams. A larger difference in the stiffness between
the Si beam and the polymer will result in an easier
deformation mismatch. The in‐plane bending stiffness (k)
of a Si beam can be expressed as follows:[47]

k ¼ EI ¼
Ew3t
12

; ð2Þ

where E is the Young's modulus, I is the in‐plane
moment of inertia, and t is the structural thickness. The
track width (w) and structural thickness (t) are crucial in
determining the bending stiffness of the Si beams,[48]

which are further investigated in detail, respectively. In
the following studies, the central angle of the S‐Si strip is
set at the optimal value of 1.5 π.

On the one hand, S‐Si strips with t of 0.1, 2, 10, and
30 μm were prepared and subjected to encapsulated
stretching tests (Figure 5A). When the thickness of the S‐
Si strip is small (e.g., ≤2 μm), the in‐plane bending
stiffness is small, and it is easy for the S‐Si strip to un-
dergo strain concentration induced by the polymer.
Therefore, the S‐Si strip fractures at a small elongation
rate and cannot reach the critical elongation rate for
deformation mismatch. In contrast, when the thickness
of the S‐Si strip is greater than 10 μm, the bending stiff-
ness is sufficient to support S‐Si strips to resist the
deformation induction of the polymer. The sample will
not fracture before the critical elongation rate and will
undergo a deformation mismatch after that. The stretch
limit of these samples reaches over 100% and increases
with the increase in thickness.

On the other hand, S‐Si strips with t of 10 μm and w of
2.5, 5, 7.5, and 10 μm were prepared and subjected to
encapsulated stretching tests (Figure 5B). No deformation
mismatch is observed for encapsulated S‐Si strips with w
of 2.5, 5 and 7.5 μm due to the insufficient bending
stiffness. Moreover, the stretch limit gradually decreases
with the increase of w from 2.5 to 7.5 μm because the
maximum tensile strain at the inner vertex of the curved
beam increases with the increase of w (Equation (1)). On
the other hand, for the encapsulated S‐Si strip with w of
10 μm, the bending stiffness is large enough to make it
reach the critical elongation rate and undergo
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deformation mismatch. The above results indicate that
the deformation mismatch strategy can be effectively
achieved through modulating the central angles to
change the deformation mode of the S‐Si strip, as well as
designing its thickness and width to increase the bending
stiffness of the Si beam.

2.5 | Electrical stability of encapsulated
S‐Si strips

Finally, the effect of mismatched deformation on the
electrical properties of encapsulated S‐Si strips was eval-
uated. The electrical signal testing device was fabricated
by integrating an S‐Si strip with two serpentine copper/
polyimide electrodes at both ends and leading out with
copper wires, before encapsulation with Ecoflex
(Figure 6A,B). When stretching the device at elongation
rates of 0%, 20%, 40%, 60%, 80%, and 100%, the I‐V curves
under a bias voltage of −5–5 V were tested, respectively
(Figure 6C). The curves at different elongation rates are
almost consistent, and the changing ratio of the current
at any specific bias voltage is less than 2%, representing a
strain‐insensitive electrical property of the encapsulated

S‐Si strip. Although the electrical resistances of the S‐Si
strip at different elongation rates show a small differ-
ence, they are negatively correlated to the elongation
rates. Figure 6D shows the electrical resistance of an S‐Si
strip at the first three stretching cycles. At a specific
elongation rate, the electrical resistances in the three
stretching cycles show a little difference of less than 0.5%,
which may come from instrumental error or environ-
mental disturbance. The results indicate the good elec-
trical stability of the encapsulated S‐Si strip. The strain‐
insensitive electrical property and good electrical stabil-
ity will benefit the applications of encapsulated S‐Si strips
in stretchable electronics.

3 | CONCLUSION

In conclusion, this work reports a deformation mismatch
strategy to enable over 120% stretchability of encapsu-
lated S‐Si strips. After stretching to a critical elongation
rate, a deformation mismatch between the S‐Si strip and
the polymer occurs, which greatly reduces the strain
concentration in the strip and benefits its large stretch-
ability. The encapsulated S‐Si strip exhibits excellent

F I GURE 5 The effect of the thickness and track width on the stretch limit of encapsulated S‐Si strips. (A) The relationship between
the stretch limit and the thickness of encapsulated S‐Si strips. (B) The relationship between the stretch limit and the track width of
encapsulated S‐Si strips.
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stability and durability in 100 000 cycles of 100% stretch.
The key parameters that impact the occurrence of
deformation mismatches are investigated by combining
experiments and theoretical analysis. The results indicate
that modulating the central angles of the S‐Si strip to
change its deformation form and designing its thickness
and width to increase the bending stiffness are both
effective for achieving the deformation mismatch strat-
egy. Finally, the strain‐insensitive electrical property and
good electrical stability of the encapsulated S‐Si strip are
demonstrated. The deformation mismatch strategy pro-
vides a new route to solve the problem of excessive
constraints and strain concentration in hybrid stretchable
systems and will promote the wide applications of
stretchable silicon structures in stretchable electronics.

4 | EXPERIMENTAL SECTION

4.1 | Fabrication of encapsulated S‐Si
strips

Serpentine Si strips were fabricated from SOI wafers (top
Si layer of 0.1, 2, 10, and 30 μm, p‐type doping, resistivity

of 1–10 Ω·cm, and buried oxide of 3 μm thick). The wa-
fers were patterned by photolithography using AZ 4620
photoresist and etched with deep RIE. The etching pro-
cess was set with a SF6 flow rate of 450 sccm and a C4F8

flow rate of 190 sccm in a Bosch process. After the
photoresist was washed away with N‐methyl‐2‐
pyrrolidone (NMP), the buried oxide layer was then
etched in HF (40%) to release S‐Si strips. The encapsu-
lated S‐Si strips were cast with Ecoflex‐0031 silicone
rubber (Smooth‐On, USA). SEM images of S‐Si strips
were acquired with a Hitachi SU5000 scanning electron
microscope.

4.2 | Durability test of encapsulated S‐Si
strips

The cyclic tensile testing relied on a NanoUp FlexTest‐
TM‐L system, combined with the FlexTest‐S‐P2 module.
The stretching length was set to the distance between the
clamping points at both ends of the encapsulated S‐Si
strip (100% elongation rate). The running time of a sin-
gle cycle and the pause time between cycles were set to 2
and 1 s, respectively.

F I GURE 6 The characterization of the electrical properties of encapsulated S‐Si strips. (A) The illustration of the electrical signal
testing device. (B) A photograph of an electrical signal testing device based on the S‐Si strip. (C) The I‐V curves of the device stretched to 0,
20%, 40%, 60%, 80%, and 100%. (D) The resistance‐elongation rate curves of the device stretched to 0, 20%, 40%, 60%, 80%, and 100% for
three cycles.
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4.3 | Fabrication and test of electrical
testing devices

The device was fabricated by depositing 50 nm gold onto
both ends of the S‐Si strips through electron‐beam
evaporation with a metal mask. The gold parts were in
conformal contact with serpentine copper—polyimide
(PI) strips and extended using silver paste and copper
wires. The electrical test was performed with a digital
source meter (Keithley 2636B). The device was stretched
using a mechanical displacement platform (Figure S6).

4.4 | Finite element analysis

FEA was conducted with the commercial software
ABAQUS, version 2021. The S‐Si strips were modeled by
four‐node shell elements (S4R). The silicon was modeled
by linear elastic solids, with material properties of
130 GPa (Young's modulus) and 0.27 (Poisson's ratio).
The Ecoflex was built as an isotropic hyper‐elastic model
based on the Mooney–Rivlin law, where the effective
elastic modulus and Poisson's ratio were given as
0.05 MPa and 0.49, respectively. The initial disturbance
was set sufficiently small to ensure the accuracy of the
simulation results.
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