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ABSTRACT

Currently, silicon (Si)-based island–interconnect structures are emerging in next-generation stretchable electronic devices such as flexible
medical implants, soft robotics, and wearables. Various geometrical designs are being used as interconnects for promising stretchable elec-
tronic systems. Among them, self-similar serpentine interconnects (SS-interconnects) are widely used due to their high areal efficiency and
stretchability. However, to date, pertinent devices choose random parameters of SS-interconnects since the detailed design guidelines are
still elusive. Additionally, no study has revealed how the lateral size or width affects the stretchability during in-plane and out-of-plane
stretching. Here, we show how the mechanics could help get the optimized Si-based SS-interconnect without losing its areal efficiency. Our
numerical and experimental results show that thin interconnects attain 70%–80% higher stretchability than thicker counterparts. The
numerical and experimental results match well. Numerical results indicate the areas prone to break earlier, followed by experimental valida-
tion. We devise how induced stress could predict the fracture conditions for any given size and shape of an interconnect. Our results dem-
onstrate that the larger width plays a crucial role in out-of-plane stretching or rotation, i.e., the stress values are 60% higher for the larger
width of SS-interconnect during rotation (up to 90°). Our calculations reveal the fracture-free zone for SS-interconnects, showing the figure-
of-merit. We demonstrate the detailed guidelines that could help choose the right parameters for fracture-free SS-interconnects for required
stretchability, devising the next-generation stretchable and wearable electronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0048477

I. INTRODUCTION

In contrast to old-fashioned rigid components, newly estab-
lished electronics are conformable, which makes them an essential
part of state-of-the-art smart medical diagnostic and surgical
devices, i.e., soft robotics, health monitoring sensors, and
actuators.1–8 Also, artificial organs such as electronic-skin and
electronic-eye have shown remarkable performance.9–12 Moving
forward, applications such as wearable thermal patches, energy har-
vesters, reconfigurable displays, and stretchable circuits are the
primary outcome of achieving stretchable functionalities.13–21

To render these devices in a tangible three-dimensional (3D)

environment, these devices not only should be stretchable
(in-plane) but also should be bendable, i.e., performing
out-of-plane.22 In terms of mechanical reliability, the stretchable
configuration of a given material, shape, and parameters would
experience large deformations during stretching that must be
handled during its functioning. Current complementary metal–
oxide–semiconductor (CMOS) based devices are nearly impossible
to make without a semiconductor inorganic material such as
silicon (Si). Nevertheless, its intrinsic material properties, such as
high elastic modulus and yield stress, do not allow the structure to
sustain large strains, as shown in other applications.23
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As of today, for most of the inorganic materials, various strat-
egies were attempted to get the desired stretchability and flexibility
while accommodating large deformations caused by stretching.
Moreover, handling these deformations is equally crucial to expand
the applications in other areas, such as a stretchable antenna and
electrodes.24–28 To resolve that, researchers started using composite
and matrix-based structures, i.e., embedding Si or metals into the
intrinsically flexible and stretchable polymers like PDMS (poly-
dimethylsiloxane) and Ecoflex.29–32 Although the encapsulating
polymers provided surface protection to the damage, stretchability
was limited by the encapsulated polymer itself, due to the interface
between the polymer and the rigid component.

As an alternative, studies revealed the benefits of ultra-thin
structures with a controlled neutral-plane governed by bending-
strain theory.33 Recently, studies have shown great potential of
using thin stretchable configurations, i.e., stretchable because of
their size and topology. One of the arrangements contains the
island–bridge structure wherein the island holds all of the elec-
tronic components and the interconnect between the consecutive
islands plays the role of bridge and provides conformability by
accommodating large strains.34–37 Most of the previous reports
demonstrated metallic interconnects for stretchable circuits that
need electrical conduction. However, the island–interconnect struc-
ture made of Si connects multiple Si islands on the Si wafer itself.
Therefore, it is an essential component due to its integration with
CMOS-based devices at the manufacturing level. Former studies
have shown advanced applications in Si-based stretchable electron-
ics since they are CMOS-compatible.22,38,39 The electrical connec-
tion between consecutive islands could be provided by depositing
the thin metal layer if needed. These interconnects between the
islands, among other shapes, consist of spiral, fractal, serpentine,
and horseshoe. The island geometry could be rectangular since it
remains stress-free as the deformations are buffered by the inter-
connect. It is logical to comprehend the shape, thickness (t), width
(w), and other interconnect parameters that are crucial to define
the efficacy of a stretchable system. These configurations are
expected to be reversible and, therefore, are reusable with a high
cyclic life. It is worth mentioning that stretchable structures experi-
ence twisting, stretching, and rotational deformations simultane-
ously in real situations. Consequently, the topology of the
interconnect is crucial to get the optimum performance out of it.

Self-similar structures are utilized in electronics, where
researchers use the self-similar topology to get stretchability upon
tensile stretching. Fan et al. demonstrated self-similar geometries
such as Peano, Greek cross, and Vicsek configurations made of
metals and Si.40 Although they demonstrated an excellent match of
experimental and numerical modeling, their Si-based designs offer
low stretchability of 105%, have less area dedicated to islands, and
show limited scalability. Alternatively, self-similar serpentine (SS),
as an interconnect (referred to as SS-interconnect afterward), has
emerged as one of the widely used configurations. Zhang et al. dis-
cussed the mechanics of SS-interconnects during the stretching
process, but the experimental verification was limited.41 Former
studies have discussed the stretchability and other functionalities of
the serpentine interconnects, but a detailed analysis to get the opti-
mized SS-interconnect for high areal efficiency, reliability, and
stretchability is still not available in the literature. As of today,

researchers usually opt for randomly selected parameters, lacking
the figure-of-merit and mechanical reliability for SS-interconnect
configurations. As a result, the stretchability range, i.e., where these
structures are safe to function without mechanical fracture, is
elusive. Additionally, the studies mentioned above show the effect
of the radius of an SS-interconnect on its performance, while
increasing the radius could degrade the areal efficiency of stretch-
able systems. In other words, if we increase the radius of the inter-
connect, it will enhance the stretchability. However, at the same
time, it covers a large area due to the bigger size of serpentine and
decreases the areal efficiency. As former studies lack the detailed
analysis of SS-interconnects, the stated configurations are not prac-
tical to manufacture the pertinent devices.33,41–43 Researchers fabri-
cate these structures using microfabrication and additive
manufacturing techniques. However, without comprehending the
failure mechanics and associated reliability, the optimization of
these designs is nearly impossible. Therefore, in the pursuit of opti-
mized stretchable devices, there is a dire need to explore the appro-
priate guidelines and establish the figure-of-merit. These findings
could define the fracture-free zones, which could be handy to
achieve high stretchability and cyclic life during not only in-plane
stretching but also for out-of-plane rotation of SS-interconnect-
based configurations.

Here, we show the functionality of the basic unit of
SS-interconnect topology and reveal how t and w affect the perfor-
mance of the stretchable configuration. We fabricate the Si-based
structure and compare the experimental functionality with numeri-
cal calculation. Our results show that t plays a significant role
during the in-plane and out-of-plane stretching. The larger the
thickness, the earlier the interconnect fails. The stretchability of the
interconnect also reduces with increased t. The stretchability before
fracture decreases from 490% to 288% when t increases from 3 to
10 μm. Our results reveal that w plays an insignificant role during
in-plane stretching. However, it starts playing its function when the
structure experiences rotation or out-of-plane deformations. For
out-of-plane stretching and simultaneous rotation, w shows a small
effect. However, the mechanical reliability decreases when intercon-
nects experience angular rotation with minimal stretching. Our
results showed that SS-interconnects are highly reversible and do
not break until 400 cycles. The reported work outcome could be
potentially handy for designing and manufacturing fracture-free
SS-interconnect-based stretchable devices.

II. RESULTS AND DISCUSSION

A. Design parameters of SS-interconnects

We need to demonstrate in-depth mechanics of
SS-interconnect-based stretchable configurations to devise high effi-
cacy guidelines. In real-world applications, stretchable and flexible
devices consist of complex arrays of the island–interconnect
system. A question arises: to establish such a database, do we need
to take the full complex system, combining several island–intercon-
nect configurations? Interestingly, we previously have presented the
idea of a unit cell that nearly depicts the mechanical response of
complex arrays of interconnects connecting with other islands.44,45

Therefore, we assume the building cell of the island–interconnect
configuration, i.e., linking the interconnect with two islands, and
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map the figure-of-merit, as shown in Fig. 1. Details of the
SS-interconnect geometry were described in former studies.41

Figure 1(a) demonstrates the schematic illustration of the
island–interconnect configuration for SS-interconnects with the
rectangular sections defining the islands (I1 and I2). These islands
would hold the electronic devices and will remain stress-free. The
gap between the islands at an undeformed state is referred to as Li
of 2.07 mm. The inset shows the definition of t and w. For instance,
t and w might be assumed as the extrusion along the x axis and z
axis, respectively. When displacement (Dp) is prescribed on the
islands, they start to move axially outward since loading is in-plane.
As a result, the SS-interconnect starts to open or gets to the
stretched state, as shown in Fig. 1(b). Theoretically speaking, the
SS-interconnect could open up to the arc length, i.e., La of 12 mm,
becoming rectilinear. We may define the maximum allowable
stretchability as a ratio of Li to La (making up to 580%). However,
due to the induced stress and strain under stretching, it might expe-
rience mechanical failure even before reaching 580% of stretchabil-
ity. It is noticeable that t may shrink locally when the loading is
held, called necking, and finally result in interconnect breakage.
However, practically, the SS-interconnect may experience breakage
anytime before reaching La. It is well-known that Si experiences
mechanical failure as long as its principal strain (εp) exceeds
1%.36,46–48 During its functioning, stress concentration in the
SS-interconnect may result in εp higher than 1%, defining the frac-
ture state or conditions in this work.

B. Axial deformations

Next, we fabricate the interconnect–island configuration by
adopting our previously discussed fabrication scheme.47 The details
of the fabrication process can be found in Fig. S1 in the supple-
mentary material. First, we fabricated the SS-interconnect samples
with t and w of 10 μm. To check the stretching profile and mechan-
ical reliability, we took the samples to the probe station and axially
stretched them out. The tensile testing setup and initially

undeformed states of the SS-interconnect are shown in Fig. S2 in
the supplementary material. The probes were precisely placed on
top of the islands and gently pressed in, making the needed con-
nection to displace the islands.

Figures 2(a)–2(d) represent the stretching profiles at 33%,
66%, 123%, and fracture condition (288%). The zoomed 3D
images show the detailed contours. We conducted numerical cal-
culations (finite element method, FEM) to compare the mechanics
during the stretching process. The details of the analysis are
described in Sec. IV. The deposited Si represents the state of amor-
phous Si (a-Si); however, as the fracture strain depends on the fab-
rication method and feature size, for simplicity, here, we take the
known fracture conditions, i.e., the strain of 1% for numerical cal-
culations. It is worth noticing that as the samples of the
SS-interconnect are delicate, their experimental in-plane testing
using the manually controlled probe station is challenging.
However, our testing results validate that they reasonably match
with numerical calculations for the same feature sizes and applied
stretch. Figures 2(e)–2(h) depict the deformation contours at the
same amount of stretching, i.e., 33%, 66%, 123%, and 288%. The
resultant contours prove how this information might be linked to
the maximum stretchability of the SS-interconnects. For instance,
the ratio between overall prescribed displacement on both islands
and the initial gap between islands (Li) offers the corresponding
stretchability of the SS-interconnect—shown in Figs. 2(e)–2(h).
The usage of deformation contours for the prediction of stress/
strain and particular stretchability is commonly used in the litera-
ture. The small difference of stretchability for FEM (280%) and
experimentally measured (288%) at fracture might be due to the
underlying assumption of 1% strain for a-Si. Still, results show that
the stretching profiles of experimental and FEM analysis fairly
match. The details of the numerical calculation and experimental
in-plane stretching, from the underfomed state to intercepting frac-
ture, are shown in Movie S1 (supplementary material). Moreover,
the fracture conditions closely match the predicted values; as
shown in Figs. 2(i) and 2( j), εp was found to be 0.2% at the stretch
of 33% and then reaches 1% at the corresponding stretch of 288%
[the comparison at the verge of fracture is shown in Figs. S3(a)
and S3(b) in the supplementary material].

Now, the simple relation between stress and strain (using
Hook’s law) predicts the failure point for a given size. For
instance, it is well-known that the fracture strain of an Si-based
interconnect is 1%, and using the modulus of 170 GPa, the stress
is expected to be around 1.7 GPa (stress = fracture strain × modu-
lus). Therefore, we can roughly estimate that the Si-based inter-
connect of a given shape, t, and w would fail as soon as it exceeds
1.7 GPa of stress. It also states why our SS-interconnect did not
achieve the maximum allowable stretchability by design (580%)
and practically fails earlier. Results claim that FEM calculations
have precisely replicated the mechanical response of the
SS-interconnect. We next utilize the same setup and vary the t
and w of the SS-interconnect to establish detailed guidelines for
getting the figure-of-merit. As mentioned before, for a brittle
material like Si, the evolved stress and strain are linearly propor-
tional, given the material stretches within the elastic limit.
Therefore, the stress at the fracture strain follows Hook’s law. It is
worth noticing that our FEM results show nearly comparable

FIG. 1. Schematic illustration of the island–interconnect configuration, based on
an SS-interconnect. (a) The initial unstretched length (Li) of the interconnect
resembles the distance between the two islands I1 and I2 before stretching. The
inset shows the definition of t and w. (b) When subjected to a prescribed dis-
placement (Dp) shown by the red arrows, the interconnect may fully open and
becomes rectilinear. The distance between islands at the stretched state repre-
sents the arc length (La). The direction of the arrows shows the corresponding
motion of the islands. The maximum allowable stretchability by design can be
regarded as La/Li. Theoretically speaking, a given interconnect can be stretched
until it becomes rectilinear. However, due to induced stress and strains, fracture
might occur before this state.
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values of maximum principal and von Mises stress (not shown
here) at the same amount of stretch. Therefore, we take the von
Mises stress contours to represent the mechanical response of the
SS-interconnect.

Figures 3(a)–3(d) depict the von Mises stress evolution
during the corresponding stretch of 33%, 66%, and 123%, until it
meets the fracture conditions [shown in Fig. 3(d)]. The zoomed
images reveal the areas that experience the stress concentrations
and are prone to fracture. It is worth mentioning that

SS-interconnects were fractured at the same region [Fig. 2(d)],
anticipated by FEM stress concentration regions, showing the val-
idity of our numerical calculations. As the FEM shows the cali-
brated results with the experimental response, we extend the
analysis for a range of t, i.e., from 3 to 10 μm, while keeping w
constant as 10 μm. We map the maximum von Mises stress
(σmax) as a function of axial stretch until the SS-interconnect
reaches the fracture conditions [shown in Fig. 3(e)]. For the pro-
jected range of t, σmax is almost identical as expected at fracture

FIG. 2. Failure criteria and structural response of the SS-interconnect by experimental and FEM analysis. (a)–(d) Stretching profiles of the fabricated SS-interconnect with
t and w of 10 μm from the undeformed state to axial (in-plane) applied stretch of 33%, 66%, 123%, and at fracture (288%), respectively. (e)–(h) FEM analysis showing the
stretching profiles and corresponding deformation contours at the same amount of stretch. (i) and ( j) The evolution of εp as a function of the stretch of 33% and at fracture
conditions. As expected, εp attains 1% for Si at a corresponding stretch of 288%.
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conditions. The mechanics of the SS-interconnect in terms of
σmax is shown in Fig. S4 in the supplementary material. For
figure-of-merit, it is essential to demonstrate the zone where the
SS-interconnect does not experience the fracture. We use
the same range of t and calculate the maximum stretchability that
the particular interconnect can attain before it fails or mechani-
cally breaks. Figure 3(f ) presents the figure-of-merit that could be
handy to choose the set of parameters on which the
SS-interconnect is not expected to fail.

To cover the full functionalities, w of the SS-interconnect
might play a role in its reliability. Figure 3(g) presents the
maximum stretchability for a range of w, i.e., from 10 to 100 μm.
Interestingly, the SS-interconnect appears to be w-independent,
corroborated with the previous studies about interconnects under
in-plane stretch.48 The explicit depiction of w for the
SS-interconnect is shown in Figs. S5(a) and S5(b) in the
supplementary material while keeping the other parameters cons-
tant. The distribution of σmax and εp are for a range of w and cons-
tant size of t are shown in Fig. S5(c) in the supplementary material.
Now, another perspective of figure-of-merit is showing the facture-free

zone while taking σmax as a decisive factor [shown in Fig. S5(d) in the
supplementary material].

Next, we know that fracture might occur along the intercon-
nect due to necking or mechanical degradation during the stretch-
ing. Therefore, it is necessary to map the mechanical response
along the boundary of interconnect. The definition of the normal-
ized length for a stretched interconnect is shown in Fig. S6(a) in
the supplementary material. The amount of evolved displacement
or deformation is shown in Fig. S6(b) in the supplementary
material. Likewise, the detailed fracture conditions in terms of σmax

and εp are shown in Figs. S7(a) and S7(b) in the supplementary
material, respectively. Results show that the mechanical reliability is
higher for the low value of t. In other words, thin features show
increased potential for stretchable electronic devices when it comes
to fracture-free interconnect–island designs.

C. Out-of-plane deformations

For tangible applications related to artificial skin and medical
sensors/actuators, 3D deformations are anticipated. Therefore,

FIG. 3. Design criteria and figure-of-merit for SS-interconnects during in-plane stretching. For t and w of 10 μm, the contours of σmax during the stretch of 33%, 66%,
123%, and at fracture state [(a)–(d)]. The zoomed images show the stress concentration regions expected to experience the fracture. (e) For various values of t, i.e.,
3–10 μm, the evolution of σmax as a function of the stretch. The stress starts to saturate close to the fracture conditions. Results show that a thin interconnect of t of 3 μm
attains higher stretchability (490%) before reaching the fracture stress of 1.7 GPa compared to its thicker counterpart (288%) of t of 10 μm. (f ) The figure-of-merit shows
the areas where the SS-interconnect would not experience the fracture for a range of t. (g) The effect of w of SS-interconnect in terms of attainable stretchability showing
that w has an insignificant impact during the in-plane stretching.
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FIG. 4. Mechanical response of an SS-interconnect during out-of-plane stretching along the x–z plane. (a)–(d) The evolution of σmax of the SS-interconnect with t of 5 μm
and w/t of 10, at the applied stretch of 40%, 67%, 284%, and fracture conditions (420%). The inset images show the zoomed regions of stress concentration. (e) The evo-
lution of σmax for different values of t. Results are similar to in-plane stretching, i.e., a thin interconnect (t of 3 μm) attains a higher stretchability of 490% before reaching
the fracture stress compared to a thicker counterpart (t of 10 μm) of 270%. (f ) The effect of w during out-of-plane stretchability as a function of εp until the fracture condi-
tions are reached, i.e., from 0.1% to 1%. Results show that w starts playing its role as long as the interconnect experiences the out-of-plane deformations. For instance,
the higher the w, the lower the stretchability becomes. However, the difference at the same εp is still not noteworthy. For instance, at fracture conditions, for t of 10 μm, the
stretchability for w of 10 μm is 285%, while for w/t = 10, the stretchability was 270%.
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SS-interconnects should sustain the out-of-plane deformation in
addition to the in-plane deformation. To the best of our knowledge,
no out-of-plane testing setup is available to test such delicate
samples. Therefore, we used the already verified numerical calcula-
tions for in-place stretching and projected it to the out-of-plane
response of the SS-interconnect. To determine the mechanical
response for out-of-plane cases, first, we prescribe Dp along the x
axis and y axis simultaneously, i.e., making the deformations or
stretching along the x–z plane. In this case, for a fair comparison, we
consider t and w/t to be 5 μm and 10, respectively. Figures 4(a)–4(d)
demonstrate the stress evolution for a stretch of 40%, 67%,
284%, and at the fracture conditions (420%), respectively.

The magnitude of stress is almost identical to previous fracture
conditions, i.e., structure fails once the stress exceeds 1.7 GPa
[shown in Fig. 4(d)]. The zoomed images show how stress
induces along the interconnect.

To demonstrate the effect of t, we calculate σmax and reveal
their stretchability, as shown in Fig. 4(e). Results claim that, for
out-of-plane stretching along the x–z plane, a thicker
SS-interconnect (t of 10 μm) reaches the fracture conditions
earlier, i.e., at the stretch of 270%, compared to a thin intercon-
nect (t of 3 μm) approaching 490% showing 80% higher stretch-
ability for the thin features. Our in-plane stretching results
corroborate the former studies showing the negligible effect of w

FIG. 5. Mechanical response of the SS-interconnect during out-of-plane rotation along the x–z plane. (a) The boundary conditions of angular rotation or motion along the
x–z plane. The prescribed displacement moves the right island in a circular path representing the angular rotation from 0° to 90°. (b) The resultant deformation contours at
the end of angular motion (at 90°). It is worth mentioning that although the interconnect shows a minute stretched state, it undergoes mainly through the rotational defor-
mation and bending. εp and σmax contours at 45° [(c) and (d)] and 90° [(e) and (f )], respectively. Results show that the interconnect experiences high stress near the
regions connecting to the islands.
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FIG. 6. The effect of w for the SS-interconnect during out-of-plane rotation of the island along the x–z plane. (a) and (c) When taking w/t of 10 and w of 10 μm as cons-
tant, the evolution of σmax at the prescribed angle of 90° for a range of t. Likewise, σmax as a function of the prescribed angle from 0° to 90° [(b) and (d)]. Results claim
that t always has a persistent impact, i.e., mechanical reliability decreases with increased t. (e) Moreover, the interconnect experiences stress concentration near the
regions where interconnect links to the islands, i.e., region with the highest rotational/bending state as an inset. ( f ) Comparison of σmax shows that, in contrast to in-plane
stretching and x–z plane stretching, w plays a significant role in x–z plane rotation. The interconnect with t of 10 μm and w/t of 10 (large w) experiences high stress of
0.88 GPa compared to w of 10 μm, i.e., 0.55 GPa.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 014902 (2021); doi: 10.1063/5.0048477 130, 014902-8

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


on the efficacy of the SS-interconnect. However, no research
study is known to the best of our knowledge that has demon-
strated the effect of w for out-of-plane stretching. Therefore, it is
logical to check how w plays its role during out-of-plane stretch-
ing. For w of 10 μm and w/t of 10, Fig. 4(f ) describes the compar-
ison of stretchability for a range, i.e., in terms of εp from initial to
fracture conditions (1%). Results claim that increasing w starts to
play a role in out-of-plane stretching contrary to the in-plane. It
is logical to expect since the material with the enormous size of w
constraints or offers more resistance to bend or deform along the
out-of-plane direction, contrary to in-plane stretching. The
dotted lines in Fig. 4(f ) represent the lower value of w and thus
experience high stretchability compared to higher w (solid lines).
The difference is not insignificant though, i.e., from 285% to
270%.

As mentioned above, real applications might experience
pure bending and rotational states.22 Figure 5 depicts the sce-
nario where an SS-interconnect and linked island undergo
mainly bending and rotation, respectively. Figure 5(a) shows the
prescribed boundary conditions. For instance, we prescribe Dp

in such a manner that I1 moves along the circular path. The
island moves from 0° to 90°. It is worthy to mention that we
deliberately prescribe the rotation/bending to occur along the
whole boundary of SS-interconnects only. Therefore, the
mechanical response of the SS-interconnect ensures that islands
are stress-free and do not drive local rotation in the vicinity of
the interconnect end connecting to the island. The deformation
contours are demonstrated in Fig. 5(b) at the full-rotated state,
i.e., 90°. Figures 5(c)–5(f ) present the εp and σmax at 45° and
90°, respectively. The exclusive details (by FEM calculations) for
the out-of-plane cases are shown in Movie S2 (supplementary
material). For these calculations, we set the cutoff parameter as
a rotational angle of 90°, rather than reaching the state εp of
1%. It is noticeable that the stress-state claims the prevention of
fracture of the SS-interconnect for rotation up to 90°, showing
the high mechanical reliability of these configurations.

Figure 6 demonstrates how w plays a role in the case of rota-
tional deformations. We considered the constant w and w/t ratio.
The parameters are also shown in the same figure. Figures 6(a)
and 6(c) represent σmax and εp for a range of t, i.e., 3–10 μm at
maximum island-rotation of 90°. Results show low mechanical
reliability with increased t. Figures 6(b) and 6(d) present σmax for
island-rotation, i.e., evolution of the prescribed angle for various
t. As the structure experiences considerable stress with increased
rotational angle, the structure is expected to fail earlier. The stress
contour and zoomed images of stress concentration in Fig. 6(e)
show the region that could experience failure. For instance, the
red-circle areas have the maximum rotation, which is logical,
showing lower reliability due to stress concentration in this
region. Now, how w plays its role is shown in Fig. 6(f ). For
instance, results claim that increased w significantly reduces
mechanical reliability due to high σmax . The interconnect with t
of 10 μm and w/t of 10 (i.e., w of 100 μm) experiences 60% high
stress of 0.88 GPa than w of 10 μm, i.e., 0.55 GPa. No study has
revealed the stated effect of w for out-of-plane deformations, and,
therefore, these results would lead to a sound understanding of
SS-interconnect-based stretchable devices.

D. Reversibility of SS-interconnects

Our previous work showed reasonably good reversibility and
claimed a high cyclic life for spiral and horseshoe interconnects.48

It is vital that these stretchable interconnects can endure hundreds
of cycles before touching the fracture limits due to fatigue or
repeated stretching/relaxation cycles. Here, we test the
SS-interconnect for comparable cycles and find that the intercon-
nect responds well with a high cyclic life up to 400 cycles.
Moreover, fracture after 400 cycles is more likely to occur due to
fatigue-based failure than stretching-based. In other words, these
thin fabricated structures have high cycle life as long as we stretch
them within the elastic limit. The results are shown in Fig. S8 and
Movie S3 (supplementary material). Our results conclude that the
database projected in this work could help optimize
SS-interconnect-based stretchable and flexible electronic devices
even at the early design stage, i.e., before the actual fabrication
occurs, saving the cost and time.

III. CONCLUSIONS

In summary, the demonstrated mechanics, supported by
numerical calculations and experiments, were found helpful for
revealing fracture-free Si-based SS-interconnect stretchable con-
figurations. Our numerical calculations precisely predicted the
conditions that could cause the failure or breakage of the
SS-interconnects. Experimental and numerical in-plane stretching
of SS-interconnects claimed an excellent match of stretching pro-
files. We accurately predict the interconnect region that will break
earlier during its functioning and proved it by experiments,
which has not been demonstrated previously. The evolved magni-
tudes of stress and strain showed that SS-interconnect exceeded
the value of 1.7 GPa at the onset of the failure, as predicted by
theoretical and numerical calculations. The results showed that
increased t caused the lower mechanical reliability due to high-
stress states, thus causing the early mechanical failure. The
stretchability was 70% higher for thin interconnects, i.e., for t of
3 μm, stretchability was 490%, compared to t of 10 μm (288%).
Likewise, for w, it had a negligible effect on the performance of
the structure. However, when we stretched the interconnect along
the out-of-plane direction in the rotational state, w started
playing its role and severely decreased the mechanical reliability.
For a constant t of 10 μm, when island was rotated from, the
SS-interconnect with w of 100 μm develops high stress of
0.88 GPa, as compared to 0.55 GPa for w of 10 μm, i.e., 60% high,
reducing its mechanical reliability. Our findings revealed that
SS-interconnects were reversible and experienced a cyclic life of
above 400 cycles. Our detailed results could help optimize various
Si-based next-generation stretchable and wearable electronic
devices.

IV. MATERIALS AND METHODS

A. Fabrication of SS-interconnects

Following the fabrication scheme of Fig. S1 in the supplemen-
tary material, we manufactured the island–SS-interconnect struc-
tures. To make it cost-effective, we deposited the 10 μm SiO2 on
the p-type Si wafer [Figs. S1(a) and S1(b) in the supplementary
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material]. We used plasma enhanced chemical vapor deposition
(PECVD) by Oxford Instruments PlasmaLab, to deposit it. We
deposited the 10 μm amorphous silicon (a-Si) using the same
process, making it virtual silicon on an insulator (SOI) wafer. To
get aluminum’s hard mask (Al), sputtering (Equipment Support
Company) was used. Next, we used the patterning process to fabri-
cate the structure of the SS-interconnect using photolithography
(EVG 620S). Reactive ion etching (RIE) was used to etch the Al. A
deep RIE process (Oxford Instruments PlasmaLab 100) was per-
formed to get the desired width. Cleaning with acetone resulted in
the removal of the remaining photoresist (PR). Immersing the
samples into the wet Al etchant for 5 min etched the hard mask.
Finally, we conducted the isotropic etching of the buried oxide
layer using 48% HF, i.e., hydrofluoric acid (Sigma-Aldrich), at
room temperature for 1 h. The final etching process released the
SS-interconnect stretchable structures from the wafer.

B. Numerical calculations

We employed the finite element method (FEM) to determine
the SS-interconnect’s mechanical performance during its function-
ing. The SOLIDWORKS™ program was used to generate the
geometry of SS-interconnects with various parameters, i.e., thick-
ness (t) and width (w). These designs were imported to the com-
mercial FEM tool ABAQUS™, which numerically calculated the
underlying mechanics. We prescribed the axial tensile stretch (Dp)
at the islands and along with the out-of-plane directions for
in-plane and out-of-plane response, respectively. We rotated the
island from 0 to 90 degree to evaluate the bending of the structure.
We took elastic Young’s modulus and Poisson’s ratio as 170 GPa
and 0.22, respectively.48 We used large deformations, i.e., “NLgeom
on” in ABAQUS™, to address the geometrical nonlinearities. A
refined mesh was used to ensure that the solution has been
converged.

C. Mechanical stretching

We conducted mechanical testing to reveal the mechanics of
the fabricated SS-interconnect structures. The results predicted the
stretching profiles and the amount of stretchability before they
experienced the fracture. We utilized the probes of the probe
station that were carefully placed at the islands to avoid breakage.
Moreover, it was ensured that no bending existed when the
samples are stretched out axially. The lens of the probe station took
the images during the stretching phases. During testing, one island
was kept constant, while the other was moved using the probe. The
amount of opening was used to calculate the stretchability of the
interconnect. As no experimental setup was available to prescribe
the out-of-plane deformations, numerical calculations were utilized
for out-of-plane stretching/rotation after finding the excellent
match for the in-plane case.

D. Reversibility testing

SS-interconnects were tested for reversibility, i.e., the number
of cycles they can sustain before the fracture. We did use the
in-house built testing setup and attached the samples using scotch
tape. It is noticed that no out-of-plane deformation was observed

during the reversibility test. The samples were then reversibly
stretched/relaxed in a repeatable fashion. Given the limitation of
our setup, i.e., it was operated manually, the tests were stopped
around 400 cycles by stretching the samples beyond their elastic
limit.

SUPPLEMENTARY MATERIAL

See the supplementary material for the fabrication process, the
experimental setup of stretching, stress evolution and mechanics of
in-plane stretching, displacement and fracture conditions along the
interconnect, cyclic reliability of self-similar serpentine
(SS)-interconnect-based stretchable system, comparison of experi-
mental and FEM showing the stretching profiles and the point
when the self-similar interconnect fails and mechanically breaks,
FEM analysis showing the response of the self-similar interconnect
while stretching and rotating out-of-plane along the x–z plane, and
mechanical cyclic testing to measure the reversibility of the self-
similar serpentine interconnect–island configuration.

AUTHORS’ CONTRIBUTIONS

M.M.H. conceived the idea and directed the project. N.Q.
designed the project, conducted the experiments, and simulations.
A.N.D. assisted in the fabrication. S.M.K. and N.E. helped in the
manufacturing and testing of structures.

ACKNOWLEDGMENTS

This publication is based on the work supported by King
Abdullah University of Science and Technology (KAUST) Office of
Sponsored Research (OSR) under Award Nos. REP/1/2707-01-01
and REP/1/2880-01-01. The authors declare that they have no
known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1S. Imani, A. J. Bandodkar, A. M. V. Mohan, R. Kumar, S. Yu, J. Wang, and
P. P. Mercier, Nat. Commun. 7, 11650 (2016).
2A. J. Bandodkar, W. Jia, C. Yardimci, X. Wang, J. Ramirez, and J. Wang, Anal.
Chem. 87, 394 (2015).
3J. Kim, S. Imani, W. R. de Araujo, J. Warchall, G. Valdés-Ramírez,
T. R. L. C. Paixão, P. P. Mercier, and J. Wang, Biosens. Bioelectron. 74, 1061
(2015).
4J. Andreu-Perez, D. R. Leff, H. M. D. Ip, and G.-Z. Yang, IEEE Trans. Biomed.
Eng. 62, 2750 (2015).
5W. Gao, S. Emaminejad, H. Y. Y. Nyein, S. Challa, K. Chen, A. Peck,
H. M. Fahad, H. Ota, H. Shiraki, D. Kiriya, D.-H. Lien, G. A. Brooks,
R. W. Davis, and A. Javey, Nature 529, 509 (2016).
6Y. Chen, Y. Zhang, Z. Liang, Y. Cao, Z. Han, and X. Feng, NPJ Flexible
Electron. 4, 2 (2020).
7X. Wang, W. Fu, G. Gao, M. S. Mehay, L. Zheng, H. Wang, W. Zhao, K. P. Loh,
T. Zhang, W. Huang, and Z. Liu, NPJ Flexible Electron. 4, 1 (2020).
8M. Shiran Chaharsoughi, J. Edberg, P. Andersson Ersman, X. Crispin, D. Zhao,
and M. P. Jonsson, NPJ Flexible Electron. 4, 23 (2020).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 014902 (2021); doi: 10.1063/5.0048477 130, 014902-10

Published under an exclusive license by AIP Publishing

https://www.scitation.org/doi/suppl/10.1063/5.0048477
https://www.scitation.org/doi/suppl/10.1063/5.0048477
https://doi.org/10.1038/ncomms11650
https://doi.org/10.1021/ac504300n
https://doi.org/10.1021/ac504300n
https://doi.org/10.1016/j.bios.2015.07.039
https://doi.org/10.1109/TBME.2015.2422751
https://doi.org/10.1109/TBME.2015.2422751
https://doi.org/10.1038/nature16521
https://doi.org/10.1038/s41528-020-0065-1
https://doi.org/10.1038/s41528-020-0065-1
https://doi.org/10.1038/s41528-020-0064-2
https://doi.org/10.1038/s41528-020-00086-5
https://aip.scitation.org/journal/jap


9D.-H. Kim, N. Lu, R. Ma, Y.-S. Kim, R.-H. Kim, S. Wang, J. Wu, S. M. Won,
H. Tao, A. Islam, K. J. Yu, T. Il Kim, R. Chowdhury, M. Ying, L. Xu, M. Li,
H.-J. Chung, H. Keum, M. McCormick, P. Liu, Y.-W. Zhang, F. G. Omenetto,
Y. Huang, T. Coleman, and J. A. Rogers, Science 333, 838 (2011).
10T. Someya, T. Sekitani, S. Iba, Y. Kato, H. Kawaguchi, and T. Sakurai, Proc.
Natl. Acad. Sci. U.S.A. 101, 9966 (2004).
11K. Zhang, Y. H. Jung, S. Mikael, J.-H. Seo, M. Kim, H. Mi, H. Zhou, Z. Xia,
W. Zhou, S. Gong, and Z. Ma, Nat. Commun. 8, 1782 (2017).
12T. Yokota, P. Zalar, M. Kaltenbrunner, H. Jinno, N. Matsuhisa, H. Kitanosako,
Y. Tachibana, W. Yukita, M. Koizumi, and T. Someya, Sci. Adv. 2, e1501856
(2016).
13A. M. Hussain, E. B. Lizardo, G. A. Torres Sevilla, J. M. Nassar, and
M. M. Hussain, Adv. Healthcare Mater. 4, 665 (2015).
14N. Qaiser, S. M. Khan, K. Chow, M. D. Cordero, I. Wicaksono, and
M. M. Hussain, Adv. Mater. Technol. 3, 1800344 (2018).
15R. R. Bahabry, A. T. Kutbee, S. M. Khan, A. C. Sepulveda, I. Wicaksono,
M. Nour, N. Wehbe, A. S. Almislem, M. T. Ghoneim, G. A. Torres Sevilla,
A. Syed, S. F. Shaikh, and M. M. Hussain, Adv. Energy Mater. 8(12),
1702221 (2018).
16T. Sekitani, H. Nakajima, H. Maeda, T. Fukushima, T. Aida, K. Hata, and
T. Someya, Nat. Mater. 8, 494 (2009).
17A. A. Norhidayah, A. A. Saad, M. F. M. Sharif, F. C. Ani, M. Y. T. Ali,
M. S. Ibrahim, and Z. Ahmad, Procedia Eng. 184, 625–630 (2017).
18K.-S. Kim, K.-H. Jung, and S.-B. Jung, Microelectron. Eng. 120, 216 (2014).
19J. Vanfleteren, I. Chtioui, B. Plovie, Y. Yang, F. Bossuyt, T. Vervust,
S. Dunphy, and B. Vandecasteele, Procedia Technol. 15, 208 (2014).
20C. Dagdeviren, P. Joe, O. L. Tuzman, K. Il Park, K. J. Lee, Y. Shi, Y. Huang,
and J. A. Rogers, Extreme Mech. Lett. 9, 269 (2016).
21L. Klinker, S. Lee, J. Work, J. Wright, Y. Ma, L. Ptaszek, R. C. Webb, C. Liu,
N. Sheth, M. Mansour, J. A. Rogers, Y. Huang, H. Chen, and R. Ghaffari,
Extreme Mech. Lett. 3, 45 (2015).
22G. A. Torres Sevilla, N. Qaiser, M. D. Cordero, S. F. Shaikh, and
M. M. Hussain, Appl. Phys. Lett. 113, 134101 (2018).
23N. Qaiser, Y. J. Kim, C. S. Hong, and S. M. Han, J. Phys. Chem. C 120, 6953
(2016).
24Z. Chen, J. Xi, W. Huang, and M. M. F. Yuen, Sci. Rep. 7, 1 (2017).
25M. Park, J. Im, M. Shin, Y. Min, J. Park, H. Cho, S. Park, M.-B. Shim, S. Jeon,
D.-Y. Chung, J. Bae, J. Park, U. Jeong, and K. Kim, Nat. Nanotechnol. 7, 803
(2012).
26Z. Yan, T. Pan, G. Yao, F. Liao, Z. Huang, H. Zhang, M. Gao, Y. Zhang, and
Y. Lin, Sci. Rep. 7, 1 (2017).
27Y. Zhao, A. Kim, G. Wan, and B. C. K. Tee, Nano Convergence 6, 25 (2019).

28S. Huang, Y. Liu, Y. Zhao, Z. Ren, and C. F. Guo, Adv. Funct. Mater. 29,
1805924 (2019).
29D. Qi, K. Zhang, G. Tian, B. Jiang, and Y. Huang, Adv. Mater. 33, 2003155
(2020).
30Y. Zhao, C. Li, M. Yu, and Z. Yu, APL Mater. 7, 101104 (2019).
31M. Wang, P. Baek, A. Akbarinejad, D. Barker, and J. Travas-Sejdic, J. Mater.
Chem. C 7, 5534 (2019).
32M. K. Filippidou, E. Tegou, V. Tsouti, and S. Chatzandroulis, Microelectron.
Eng. 142, 7 (2015).
33L. Xu, S. R. Gutbrod, Y. Ma, A. Petrossians, Y. Liu, R. C. Webb, J. A. Fan,
Z. Yang, R. Xu, J. J. Whalen, J. D. Weiland, Y. Huang, I. R. Efimov, and
J. A. Rogers, Adv. Mater. 27, 1731 (2015).
34J. P. Rojas, A. Arevalo, I. G. Foulds, and M. M. Hussain, Appl. Phys. Lett. 105,
154101 (2014).
35M. U. Rehman and J. P. Rojas, Extreme Mech. Lett. 15, 44 (2017).
36R. Li, M. Li, Y. Su, J. Song, and X. Ni, Soft Matter. 9, 8476 (2013).
37J. A. Rogers, T. Someya, and Y. Huang, Science 327, 1603 (2010).
38M. Ying, A. P. Bonifas, N. Lu, Y. Su, R. Li, H. Cheng, A. Ameen, Y. Huang,
and J. A. Rogers, Nanotechnology 23, 344004 (2012).
39Y. M. Song, Y. Xie, V. Malyarchuk, J. Xiao, I. Jung, K.-J. Choi, Z. Liu, H. Park,
C. Lu, R.-H. Kim, R. Li, K. B. Crozier, Y. Huang, and J. A. Rogers, Nature 497,
95 (2013).
40J. A. Fan, W.-H. Yeo, Y. Su, Y. Hattori, W. Lee, S.-Y. Jung, Y. Zhang, Z. Liu,
H. Cheng, L. Falgout, M. Bajema, T. Coleman, D. Gregoire, R. J. Larsen,
Y. Huang, and J. A. Rogers, Nat. Commun. 5, 3266 (2014).
41Y. Zhang, H. Fu, Y. Su, S. Xu, H. Cheng, J. A. Fan, K.-C. Hwang, J. A. Rogers,
and Y. Huang, Acta Mater. 61, 7816 (2013).
42Y. Huang, W. Dong, T. Huang, Y. Wang, L. Xiao, Y. Su, and Z. Yin, Sens.
Actuators A 224, 36 (2015).
43S. Xu, Y. Zhang, J. Cho, J. Lee, X. Huang, L. Jia, J. A. Fan, Y. Su, J. Su,
H. Zhang, H. Cheng, B. Lu, C. Yu, C. Chuang, T. Il Kim, T. Song, K. Shigeta,
S. Kang, C. Dagdeviren, I. Petrov, P. V. Braun, Y. Huang, U. Paik, and
J. A. Rogers, Nat. Commun. 4, 1 (2013).
44N. Qaiser, S. M. Khan, M. Nour, M. U. Rehman, J. P. Rojas, and
M. M. Hussain, Appl. Phys. Lett. 111, 214102 (2017).
45N. Qaiser, S. M. Khan, and M. M. Hussain, J. Appl. Phys. 124, 034905 (2018).
46N. Qaiser, A. N. Damdam, S. M. Khan, S. F. Shaikh, and M. M. Hussain,
Appl. Phys. Lett. 115, 181904 (2019).
47N. Qaiser, A. N. Damdam, S. M. Khan, S. F. Shaikh, and M. M. Hussain,
Extreme Mech. Lett. 35, 100639 (2020).
48N. Qaiser, A. N. Damdam, S. M. Khan, S. Bunaiyan, and M. M. Hussain, Adv.
Funct. Mater. 31, 2007445 (2020).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 014902 (2021); doi: 10.1063/5.0048477 130, 014902-11

Published under an exclusive license by AIP Publishing

https://doi.org/10.1126/science.1206157
https://doi.org/10.1073/pnas.0401918101
https://doi.org/10.1073/pnas.0401918101
https://doi.org/10.1038/s41467-017-01926-1
https://doi.org/10.1126/sciadv.1501856
https://doi.org/10.1002/adhm.201400647
https://doi.org/10.1002/admt.201800344
https://doi.org/10.1002/aenm.201702221
https://doi.org/10.1038/nmat2459
https://doi.org/10.1016/j.proeng.2017.04.127
https://doi.org/10.1016/j.mee.2013.07.003
https://doi.org/10.1016/j.protcy.2014.09.073
https://doi.org/10.1016/j.eml.2016.05.015
https://doi.org/10.1016/j.eml.2015.02.005
https://doi.org/10.1063/1.5049233
https://doi.org/10.1021/acs.jpcc.6b00002
https://doi.org/10.1038/s41598-017-11392-w
https://doi.org/10.1038/nnano.2012.206
https://doi.org/10.1038/srep42227
https://doi.org/10.1186/s40580-019-0195-0
https://doi.org/10.1002/adfm.201805924
https://doi.org/10.1002/adma.202003155
https://doi.org/10.1063/1.5110649
https://doi.org/10.1039/C9TC00709A
https://doi.org/10.1039/C9TC00709A
https://doi.org/10.1016/j.mee.2015.06.007
https://doi.org/10.1016/j.mee.2015.06.007
https://doi.org/10.1002/adma.201405017
https://doi.org/10.1063/1.4898128
https://doi.org/10.1016/j.eml.2017.05.004
https://doi.org/10.1039/c3sm51476e
https://doi.org/10.1126/science.1182383
https://doi.org/10.1088/0957-4484/23/34/344004
https://doi.org/10.1038/nature12083
https://doi.org/10.1038/ncomms4266
https://doi.org/10.1016/j.actamat.2013.09.020
https://doi.org/10.1016/j.sna.2015.01.004
https://doi.org/10.1016/j.sna.2015.01.004
https://doi.org/10.1038/ncomms2553
https://doi.org/10.1063/1.5007111
https://doi.org/10.1063/1.5031176
https://doi.org/10.1063/1.5123680
https://doi.org/10.1016/j.eml.2020.100639
https://doi.org/10.1002/adfm.202007445
https://doi.org/10.1002/adfm.202007445
https://aip.scitation.org/journal/jap

	Mechanical reliability of self-similar serpentine interconnect for fracture-free stretchable electronic devices
	I. INTRODUCTION
	II. RESULTS AND DISCUSSION
	A. Design parameters of SS-interconnects
	B. Axial deformations
	C. Out-of-plane deformations
	D. Reversibility of SS-interconnects

	III. CONCLUSIONS
	IV. MATERIALS AND METHODS
	A. Fabrication of SS-interconnects
	B. Numerical calculations
	C. Mechanical stretching
	D. Reversibility testing

	SUPPLEMENTARY MATERIAL
	AUTHORS’ CONTRIBUTIONS
	DATA AVAILABILITY
	References


