RESEARCH ARTICLE

W) Check for updates

ADVANCED
MATERIALS

www.advmat.de

An Overstretch Strategy to Double the Designed Elastic

Stretchability of Stretchable Electronics

Juyao Li, Xiaolei Wu, and Yewang Su*

Achieving or enhancing the elastic stretchability of inorganic stretchable
electronics is critically significant. However, only two types of fundamental
strategies—using the prestrained elastic substrate and designing the
geometric layouts—are exploited thus far. This study proposes a third
strategy, an overstretch strategy, applied beyond the designed elastic range of
stretchable structures after transfer printing and bonding to a soft substrate.
The theoretical, numerical, and experimental results collectively prove that the
overstretch strategy can double the designed elastic stretchability of

functional components reside at the “is-
lands” and the interconnects form the
“bridges,” is the most popular one. The “is-
lands” undergo negligible deformation dur-
ing the stretch of the structure, and the
“bridges” provide both elastic stretchabil-
ity and electronic conductivity. Strategies
for achieving elastic stretchability of stretch-
able electronics are critically essential and
have attracted significant research atten-

fabricated stretchable electronics and is valid for various geometrical
interconnects with both thick and thin cross-sections. The underlying
mechanism is that the elastic range of the critical part of the stretchable
structure is doubled, owing to the evolution of the elastoplastic constitutive
relation during overstretching. The overstretch strategy can be easily executed
and combined with the other two strategies to enhance elastic stretchability,
which has profound implications for the design, fabrication, and applications

of inorganic stretchable electronics.

1. Introduction

Stretchable electronics have been extensively developed
in the last decade for diverse applications ranging from
health monitoring,'"*) medical treatment,’*! and intelli-
gent industries(!®!! to aerospace equipment!!?] with stretchable
or curvilinear characteristics. The key technological innovation
in inorganic stretchable electronics (this study is limited to
inorganic stretchable electronics) is the achievement of elastic
stretchability through the designed mechanical structures,
enabling conformal wrapping on arbitrarily complicated target
surfaces, maintaining the electronic functions unchanged. For
instance, the “island-bridge” mesh structure, in which the
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tion.

Although several previous studies have
focused on the design of stretchable struc-
tures, as shown in Figure 1,121 only two
fundamental strategies have been exploited
to achieve or enhance elastic stretchabil-
ity. These strategies are described as fol-
lows. 1) By using the prestrained elas-
tic substrate; a waved ribbon is a typical
example.[’] A pre-strain is applied to the
elastic substrate before the straight planar
ribbon is transfer-printed and bonded. The
release of the prestrain yields compression
and out-of-plane buckling of the transfer-printed ribbon, form-
ing a waved shape with stretchable characteristics. Besides,
more complex stretchable 3D mesostructures are fabricated by
2D precursors bonded to prestrained elastic substrates.!?223]
2) By designing geometric layouts; versatile stretchable struc-
ture layouts involving curved interconnects have been designed;
these include horseshoe,?*2¢] serpentine,!??] fractal,[28-3l
non-buckling,['%31] helical structures,®?l and kirigami-inspired
structures!®)] which exhibit different features in terms of elas-
tic stretchability and application scenarios. Sometimes, the two
types of strategies are combined to enhance the stretchabil-
ity of mechanical structures. For instance, a prestrained elastic
substrate significantly increases the stretchability of serpentine
structures.'?]

As the third type of strategy (Figure 2), this study proposes
overstretching beyond the designed elastic range of stretchable
structures, applied after transfer printing and bonding to the soft
substrate. The overstretch strategy can double the designed elas-
tic stretchability, which is critical for the performance of stretch-
able electronics. The theoretical, numerical, and experimental re-
sults collectively prove that the overstretch strategy is valid for
various geometrical interconnects with both thick and thin cross-
sections. The underlying mechanism is revealed owing to the
evolution of the elastoplastic constitutive relation of the critical
part of the stretchable structures during overstretching. The over-
stretch strategy can be easily executed and combined with the
other two strategies to enhance elastic stretchability, which has

© 2023 Wiley-VCH GmbH
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Figure 1. Evolution of stretchable structures over the past decades.

profound implications for the design, fabrication, and applica-
tions of stretchable electronics.

2. Results and Discussion

2.1. Demonstration of the Overstretch Strategy

For example, Figure 2 shows a schematic of the overstretch strat-
egy to enhance the stretchability via metallic thick serpentine in-
terconnects (MTSI) with R = 0.25 mm for the radius of the semi-
circle, L = 3 mm for the length of the straight portion, and w x
ter = 50 um X 100 pum for the cross-section, bonded on a soft
substrate with a thickness of t;, = 1 mm. The column on the left
(Column 1) shows the step-by-step operations of the overstretch
strategy, and Columns 2 and 3 present the contours of the finite
element analysis (FEA) for the maximum principal strain and
equivalent plastic strain of the MTSI, respectively. However, for
simplicity, ideal elastoplasticity (Figure 3a) and the hyperelastic-
ity of the Mooney-Rivlin model are adopted for the mechanical
constitutive relationships of the MTSI and the soft substrate, re-
spectively.

Emctalg' |£| < EUR )
o= ‘metal (1)

[of
o, |el > —

‘metal

In Equation (1), o is the stress, € is the strain, E, ., is Young’s
modulus, and o, is the yield stress. In this example, E

metal —

124 GPa and o, = 350 MPa for copper; C;, = 0.008054 MPa,
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using the prestrained elastic substrate

Cy; = 0.002013 MPa, and D; = 2 MPa™! in the Mooney—Rivlin
model are used for the soft substrate.

In regime ®, the MTSI is transfer-printed and bonded on the
soft substrate. The entire structure is stress/strain-free. The max-
imum stress reaches the yield stress o, at the cross-section of
the semicircle vertex in regime @, whereas the first applied strain
€firstapplica T€2Ches the designed elastic stretchability €;eqgned.clastic
(58.5%). During stretching from regime @ to ®, the deforma-
tion of the MTSI involves only pure elasticity without any plas-
ticity. This is the conventional definition of elastic stretchabil-
ity for stretchable electronics. The addition of the first applied
strain yields plastic deformation, as shown in regime ®. The
cross-section of the semicircle vertex of the MTSI represents the
yield behavior and the equivalent plastic strain increases. Even
if a large local plasticity exists in the section, the remaining por-
tion can withstand the external load. Thus, the MTSI can with-
stand 140% of the applied strain without damage. After the re-
lease of the overstrain e, (140%, a value more than twice the
designed elastic stretchability), which is the maximum of the first
applied strain, the soft substrate almost restores to its original
regime, and the MTSI is returned to its original state, as de-
picted in regime @. In this process, elastic unloading, elastic re-
verse loading, and plastic reverse loading occur successively at
the cross-section of the semicircle vertex of the MTSI, where the
stress distribution becomes rather complicated. The maximum
principal strain decreases, whereas the equivalent plastic strain
increases. After the complete execution of the overstretch strat-
egy from @ to ®, the MTSI bonded to the soft substrate can be
reloaded. In the process from regime @ to ®, the second applied

© 2023 Wiley-VCH GmbH
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Figure 2. Operation of the overstretch strategy. The column on the left (Column 1) shows the step-by-step operation of the overstretch strategy: ©,@
stretching to the designed elastic limit (58.5%), ®,@ stretching beyond the designed elastic limit (140%), ®,@ releasing the applied strain, ®,® stretching
to enhanced elastic limit (117%). Columns 2 and 3 provide the contours of the FEA for the maximum principal strain and equivalent plastic strain of the

MTSI corresponding to each step in Column 1, respectively.

strain is 117%, which is as large as twice the designed elastic
stretchability (58.5%); however, it does not yield any increment
of the equivalent plastic strain. The increment in the maximum
principal strain (0.6%) at the semicircle vertex, which is twice that
from regime @ to regime @ (0.3%), is purely elastic. The maxi-
mum second applied strain, which does not result in any plastic-
ity, is defined as enhanced elastic stretchability €., ced-clastic- 12
short, after the operation from regime @ to @, that is, the execu-
tion of the overstretch strategy, the enhanced elastic stretchability
€ enhanced-elastic €Al be twice that of the designed elastic stretchabil-

ity edesigned-elastic .

2.2. Mechanical Model, Mechanism Analysis, and Experimental
Verification via the Freestanding MTSI
To understand the underlying mechanism quantitatively, a free-

standing MTSI without a soft substrate is adopted for analysis
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and modeled as slender beams with in-plane deformation, as
shown in Figure 3b. Based on periodicity, the operation process
is demonstrated for one period, as shown in Figure 3c. Mechan-
ical analysis is applied to a quarter of a period, as depicted in the
subgraph of Figure 3b, owing to its symmetricity. Based on the
linear elastic theory of beams, the designed elastic stretchability
from regime @ to @ can be obtained as (See Supporting Informa-
tion for further details, Supporting Information Appendix)

O [ﬂ'R 2L

R 2y, 2L (o 12
RT3 (R +21%) + 5 (6R +L)]

Sdesigned—elastic =
(2)

In the stretch process from regime @ to ®, the deformation
of the MTSI involves only pure elasticity without any plasticity
(Figure 3c). The stress is linearly distributed along the cross-
section of the MTSI. The elastic stretchability is not enhanced

© 2023 Wiley-VCH GmbH
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Figure 3. Mechanical analysis of the overstretch strategy via the freestanding MTSI. a) Mechanical constitutive relationship of the MTSI: ideal elasto-
plasticity. b) Schematic and mechanical model of the freestanding MTSI. c) First row: step-by-step overstretch strategy operation with freestanding MTSI
(one period). Second row: stress distribution in the cross-section of the semicircle vertex in each process if no additional plasticity occurs from regime ®
to @. Third row: stress distribution in the semicircle vertex cross-section in each process if additional plasticity occurs from regime ® to @. d) Enhanced
elastic stretchability of the freestanding MTSI as a function of the maximum of the first applied strain/overstrain, including the results of the experiments,
FEA, and theory.
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if an overstretch beyond the designed elastic stretchability is not
applied, as shown in the left horizontal line of Figure 3d. Here,
the same geometric and material parameters are used with the
MTSI shown in Figure 2, but without the soft substrate.

The addition of the first applied strain yields plastic deforma-
tion, as shown in regime @ (€g,gapplicd = €over)> aiMing to en-
hance the elastic stretchability. It is a critical question whether
the reverse displacement unloading from regime ® to regime
@ (Efrstapptiea = 0) results in additional plasticity. It can be ana-
lyzed based on the mechanical behavior of the stress of the semi-
circle vertex during reverse displacement unloading (Figure 3c).
The change in the maximum stress can be as large as 20, if
only elastic unloading and elastic reverse loading occur, without
any plastic reverse loading. Therefore, the replacement of o, by
20, in Equation (2) determines the range of the overstretch €.,
that is €guer < 2€4eqigned-elastic- Vice versa, the second applied strain
€second-applied UP 10 €ye, SUDsequently does not result in any plastic-
ity from regime @ to ®. Therefore, the enhanced elastic stretcha-
bility can be obtained as

€enhanced—elastic — Eover for gdesigned—elastic < Egver < ngesigned—elastic (3)

as shown in the middle diagonal line of Figure 3d.

In the case of €4y, > 2€4esigned.clastic: the reverse process from
regime @ to regime @ results in additional plasticity, as depicted
in the subgraphs in the bottom column of Figure 3¢, which is
different from the above case. However, the stress analysis of the
semicircle vertex shows that the change in the maximum stress
does not exceed 20, for the second applied strain. Therefore, the
enhanced elastic stretchability does not exceed twice the designed
elastic stretchability, that is,

fore “4)

€enhanced—elastic — ngesigned—elastic’ over = ngesigned—elastic

as indicated by the right horizontal line in Figure 3d. Based on the
above results, an optimal value exists for the first applied strain,
that 1S €gyer.optimal = 2€designed-lastic- At this point, the overstretch
strategy can double the elastic stretchability and does not yield
unnecessary plasticity.

The underlying mechanism can be further examined by focus-
ing on the evolution of the constitutive relationship of the semi-
circle vertex, as shown in Figure 3a. Here, only the part with a pos-
itive strain is discussed without losing generality. In the stretch-
ing process from regime @ to regime @, the status of the constitu-
tive relationship involves the range of OA, which corresponds to
the designed elastic stretchability €gegigned.clastic- During the over-
stretch process from regime @ to @, the status of the constitu-
tive relationship is extended to OAB, consisting of both elastic
and plastic behaviors. The unloading process from regime ® to
@ is rather complicated, involving the entire OABC. However, the
reloading process from regime @ to ® involves only OA and BC,
which are both in the elastic range. The essential change during
overstretching is that the status of the constitutive relation moves
from OA to BC for the critical part of the MTSI. Therefore, the
elastic range of the constitutive relationship and designed elastic
stretchability are both doubled.

Experiments were conducted to verify these theoretical con-
clusions. As shown in Figure 4a, an MTSI consisting of four
periods is fabricated and tested. The ideal elastoplastic model
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with Young’s modulus E, .., = 124GPa and yield stress o, =
350MPa can sufficiently describe the constitutive relationship of
the metal (copper) (Figure 4b). The above operation process, in-
cluding the first applied stretch, reverse unloading, and second
applied stretch, is applied to the MTSIs with different maximum
values of the first applied strain/overstrain for each MTSI. The
curves of force versus applied strain plotted in Figure 4c-k from
experimental testing consistently verify the theoretical predic-
tion. For the first applied strain below 60%, no plasticity is ob-
served during the operation of the first applied stretch, reverse
displacement unloading, and second applied stretch. The elastic
stretchability is not enhanced, and the designed value is main-
tained (60%) (See Supporting Information Appendix for further
details,). For the first applied strain 60% < €, < 120%, the
curve of the second applied stretch overlaps with that of the re-
verse displacement unloading. This implies that the MTSI under-
goes elastic deformation without any plasticity during the over-
lapping of the curves. The enhanced elastic stretchability satis-
fies Equation (3) (see Supporting Information for further details;
Supporting Information Appendix). For the first applied strain
€over > 120%, the curve of the second applied stretch is clearly
distinguished from that of the reverse displacement unloading.
This indicates that the reverse displacement unloading results
in additional plasticity. However, determining the elastic range
of the second applied stretch (the enhanced elastic stretchabil-
ity €ephanced-elastic) 1S Still essential. Comparing the experimental
testing and theoretical and numerical analyses reveals that the
enhanced elastic stretchability does not exceed 120%, although
overstretching is applied to values as large as 130% and 150%
(See Supporting Information Appendix for further details,). The
experimental results obtained from Figure 4c-k and the FEA re-
sults plotted in Figure 3d are consistent with the theoretical pre-
diction, thus verifying the feasibility and effectiveness of the over-
stretch strategy.

Additionally, plastic hardening (isotropic or kinematic) must
be considered for certain materials. Considering the linear hard-
ening constitutive relationship with the hardening modulus
Eyardening = 124 GPa as an example, the enhanced elastic stretch-
ability can be more than twice the designed elastic stretchability
for isotropic hardening because the stress variation of the semi-
circle vertex can exceed 26 ; however, it can only double the de-
signed elastic stretchability for kinematic hardening (Figure S3,
Supporting Information Appendix) because the stress variation
of the semicircle vertex does not exceed 2. It is also worth not-
ing that a small deformation is assumed so that a simple analytic
solution can be obtained to quantitatively present the mechanism
without losing the essence of the overstretch strategy. The defor-
mation of the MTSI mainly includes bending of the semicircle
and rotation of the straight portion. As the straight portion is
relatively long, the small rotation yielded by the bending of the
semicircle can induce a large displacement of the straight por-
tion, that is, an evident deformation of the MTSI. Thus, the me-
chanical theory with a small deformation assumption is applica-
ble within a reasonable range. The FEAs with finite and small
deformation assumptions are performed to verify the analytical
model with a small deformation assumption. The results shown
in Figure S4 (Supporting Information) indicate that the effect of
geometric nonlinearity is very small for e For
larger €

over < Zedesigned-elastic’
such as 200%, the error is acceptable.

over?’
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Figure 4. Experimental verification of the overstretch strategy via the freestanding MTSI (thickness t;,,., = 100 um). a) Images of the initial state of the
freestanding MTSI and the front and side views when stretched by 150% (from top to bottom). b) Stress—strain curves of a dog-bone-shaped copper
plate (thickness t;,., = 100 um) in uniaxial tension. c—k) Curves of the force versus the applied strain during the first applied stretch, unloading, and

second applied stretch; the first applied strain for (c—k) is 30%, 50%, 60%, 75%, 90%, 110%, 120%, 130%, and 150%, respectively ((i-k) contain the
FEA results, dotted lines).
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The fatigue life of the MTSI is a crucial problem that needs
to be investigated because of its yielded plasticity. For structures
subjected to cyclic loading, if plastic deformation occurs only dur-
ing the first few cycles and only elastic deformation occurs in the
following cycles, the structure is in a shakedown state. Accord-
ing to the shakedown theory,3*®! a structure in the shakedown
state is safe from low-cycle fatigue damage. In this study, the
overstretch strategy yields plasticity only during the first applied
stretch and reverse displacement unloading, that is, the MTSI
is in a shakedown state. Thus, the plasticity caused by the over-
stretch strategy does not significantly reduce the fatigue life of
the electronics. A fatigue test of the MTSI is carried out to fur-
ther investigate the effect of the overstretch strategy on fatigue
life. A cyclic strain of 120% is applied to the freestanding MTSI,
and its resistance is monitored. After 10 000 cycles, the MTSI is
not significantly damaged, and the electrical properties are not
affected (Figure S5, Supporting Information Appendix). This in-
dicates that the fatigue life of the present MTSI subjected to an
enhanced stretching strain is greater than 10 000 cycles, which is
sufficient for many working conditions. In addition, we investi-
gate the influence of the plasticity yielded by overstretch strategy
on electric performance by applying a cyclic strain of 150% to the
MTSI and monitoring its resistance. After four cycles, the MTSI
resistance is less affected by plastic deformation (Figure S6, Sup-
porting Information Appendix).

2.3. Mechanical Analysis of the MTSI Bonded on the Soft
Substrate

In practical flexible electronics, the stretchable structures are
usually bonded on soft substrates for encapsulation and pro-
tection. Figure 2 has preliminarily verified that the overstretch
strategy is valid for the MTSI bonded on the soft substrate.
To explore the effect of the overstretch strategy on the elas-
tic stretchability of interconnects with different geometries, a
series of finite element analyses is performed for the com-
monly used horseshoe, zigzag, and fractal structures, as shown
in Figure 5a—c. The material parameters and thicknesses of
the interconnect and substrate are consistent with the model
shown in Figure 2, and the details of the in-plane layouts are
presented in Figure S7 (Supporting Information Appendix).
Figure 5a—c presents the enhanced elastic stretchability of the
horseshoe/zigzag/fractal interconnects as a function of the max-
imum of the first applied strain. The elastic stretchability of the
horseshoe/zigzag/fractal interconnects is not enhanced when
the maximum of the first applied strain does not exceed the de-
signed elastic stretchability €geggned.clastic (7-43%/9.47%/78.6%).
If the maximum of the first applied strain (overstrain) 7.43% <
€over < 14.869%/9.47% < €., < 18.94%78.6% < €., < 157.2%,
no additional plasticity exists in the horseshoe/zigzag/fractal in-
terconnects during releasing the first applied strain. The elas-
tic stretchability of the horseshoe/zigzag/fractal interconnects is
enhanced 10 €. cedclastiC = Eover- When the overstrain e, >
14.86%/€ e, > 18.94% [€ o, > 157.2%, additional plasticity is ob-
served in the horseshoe/zigzag/fractal interconnects when re-
leasing the first applied strain. Similar to the freestanding MTSI,
the enhanced elastic stretchability does not exceed twice the de-

. . o _ o
31gned elastlc stretchablhty € enhanced-elastic — 14.86 /o/eenhancedrelastic
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= 18.94%/€ nancedelasic = 157.2%. The above FEA analysis
demonstrates that the overstretch strategy is effective not only
for the MTSI bonded on the soft substrates but also for thick in-
terconnects with various geometrical layouts, such as horseshoe
and fractal interconnects.

A previous study by the authors reveals that the thickness
of the interconnects significantly affects the deformation mode
and elastic stretchability,'®! as shown in Figure 5d, with serpen-
tine interconnects as an example. As the thickness of the inter-
connects increases, the deformation mode changes from wrin-
kling/buckling to non-buckling, and the designed elastic stretch-
ability first increases, then decreases, and increases again un-
til it becomes stable. Three representative cases with different
thicknesses and the corresponding deformation modes, shown
in Figure 5d, are selected to study the effect of the overstretch
strategy. For interconnects with thicknesses of 0.05 um and 2 pm,
the deformation modes are wrinkling and buckling, as shown in
Figure 5e,f, respectively. The designed elastic stretchabilities of
the interconnect with thicknesses 0.05 ym and 2 ym are 17.7%
and 31%, respectively, and the corresponding enhanced elastic
stretchabilities are 44.4% and 75.8%, respectively; these values
are more than twice the corresponding designed elastic stretch-
abilities. In contrast to the cases with thick interconnects, the
enhanced elastic stretchability of thin interconnects finally de-
creases gradually with an increase in overstrain. To understand
the underlying mechanism, the strain contours and deformation
of the structures are analyzed, as shown in Figures S8 and S9
(Supporting Information Appendix). This can be attributed to
the formation of out-of-plane wrinkles or bending. Figure 5h
shows a comparison of the deformation modes of the partial
semicircle for thick and thin interconnects. It can be observed
that only in-plane deformation occurs for the thick intercon-
nects during the first applied strain, unloading, and second ap-
plied strain, and the enhance elastic stretchability cannot ex-
ceed twice the designed elastic stretchability. For thin intercon-
nects, the unloading process can be purely elastic owing to the
adoption of both the deformation modes of compression and
out-of-plane wrinkling/bending, even though the overstrain is
more than twice the designed elastic stretchability. Conversely,
the enhanced elastic stretchability can be more than twice the de-
signed elastic stretchability. However, if plasticity occurs during
the unloading process for a larger overstrain, the enhanced elas-
tic stretchability may be lower than the overstrain. Subsequently,
the enhanced elastic stretchability decreases as the overstrain in-
creases, as shown in Figure 5e,f. Figure 5g shows the deforma-
tion mode and analysis of the stretchability of the MTSI with
thickness t,,., = 200 um. The designed elastic stretchability is
59%, whereas the enhanced elastic stretchability is 118%. Addi-
tionally, the effect of the substrate modulus on the elastic stretch-
ability of MTSI is investigated. Figure S10 (Supporting Informa-
tion Appendix) shows that the designed/enhanced elastic stretch-
ability of the MTSI decreases as the modulus of the substrate in-
creases. However, the overstretch strategy can double the struc-
ture stretchability regardless of the substrate type. For extreme
comparison, we conduct stretching experiments using the MTSI
bonded to the Ecoflex substrate with 60 kPa and the freestanding
MTSI. The deformation modes for the two cases are almost the
same, with minute differences regarding the detailed deforma-
tion (Figure S11, Supporting Information Appendix). These also

© 2023 Wiley-VCH GmbH
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Figure 5. Mechanical analysis of the MTSI bonded on the soft substrate. a—c) The enhanced elastic stretchability of thick horseshoe/zigzag/fractal inter-

connects bonded on the soft substrate as a function of the maximum of the

first applied strain/overstrain. d) Curve of the designed elastic stretchability

of serpentine interconnection bonded on the soft substrate as a function of its thickness. e—g) FEA results of serpentine interconnections with three
typical thicknesses (0.05 um, 2 um,200 um). The upper subgraphs are the corresponding wrinkling, buckling, and non-buckling deformation during
stretching, and the lower subgraphs show the relationship between the enhanced elastic stretchability of the structure and the maximum of the first
applied strain/overstrain. h) Schematic of the deformation modes of the partial semicircle for the thick and thin interconnects.

suggest that it is reasonable to verify the effectiveness of over-
stretch strategy by the freestanding MTSI.

The novelty of this study is that a new strategy to enhance elas-
tic stretchability, completely different from the existing strategies
of using a prestrained elastic substrate and designing geometric
layouts, is proposed. The overstretch strategy is clearly different

Adv. Mater. 2023, 35, 2300340 2300340

from the geometric design strategy and can be combined with
the geometric design strategy to enhance elastic stretchability.
Comparing the prestrain and overstretch strategies shows that
the overstretch is applied after the transfer-printing operation,
whereas the prestrain is applied before the transfer-printing oper-
ation (Figure S12, Supporting Information Appendix). From this

(8 of 10) © 2023 Wiley-VCH GmbH
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perspective, the overstretch strategy allows easier fabrication and
is more conducive to mass production. The overstretch strategy
of stretchable electronics is first proposed in this study; there-
fore, several aspects related to the overstretch strategy are yet to
be investigated. These aspects include the mechanical analysis of
theoretical and experimental results of interconnects bonded to
a soft substrate. This is an interesting and challenging problem,
and further studies will be conducted to investigate other meth-
ods in the future.

3. Conclusion

This study proposes an overstretch strategy to enhance the elas-
tic stretchability beyond the designed elastic range of stretchable
structures by applying an overstretch after transfer printing and
bonding to a soft substrate. Using a typical freestanding MTSI as
an example, the theoretical, numerical, and experimental results
collectively reveal that the overstretch strategy can double the de-
signed elastic stretchability; this is crucial to realize the good
performance of stretchable electronics. The underlying mecha-
nism considers the evolution of the elastoplastic constitutive re-
lation during overstretching to double the elastic range of the crit-
ical part of the stretchable structure. Further numerical analysis
validates the overstretch strategy for various geometrical inter-
connects bonded to soft substrates, including horseshoe, zigzag,
and fractal interconnects, with both thick and thin cross-sections.
In particular, the stretchability of interconnects with thin cross-
sections can be enhanced to more than twice the designed elas-
tic stretchability. Compared to the existing strategies of using the
prestrained elastic substrate and designing geometric layouts, the
proposed overstretch strategy is easier to operate in practice. Fur-
thermore, these three strategies can be selectively combined to
enhance the elastic stretchability of stretchable electronics. As the
proposed overstretch strategy provides a new route for enhanc-
ing elastic stretchability, it may significantly promote the devel-
opment and application of stretchable electronics in the future.

4. Experimental Section

Preparation of the MTSI:  The MTSI was fabricated by cutting 100-um-
thick copper plates (99.99%) using a P-second laser precision machining
system (DCT-DL566PU, China, as shown in Figure S13, Supporting Infor-
mation Appendix). The laser power was adjusted to 75% of the maximum
power, and laser cutting was performed for 300 cycles.

Mechanical Testing of the MTSI:  Tensile testing of the MTSIs was per-
formed with an ElectroForce system (3100 series, USA, the precision of
0.1 mN, Figure S14, Supporting Information Appendix). A displacement-
control loading mode was adopted. To demonstrate all cases of the over-
stretch strategy, the maximum values of the first applied strain/overstrain
were chosen as 30%, 50%, 60%, 75%, 90%, 110%, 120%, 130%, and
150%. After reverse displacement was unloaded to zero applied strain,
the second applied strain reached 200%.

Mechanical Testing of the Constitutive Model of the Copper Plates: The
specimens (Figure S15, Supporting Information Appendix) were fabri-
cated by cutting 100-um-thick copper plates (99.99%) using a P-second
laser precision machining system (Figure S13, Supporting Information Ap-
pendix). Tensile testing of the copper plate was performed using an elec-
tronic material-testing machine (Instron 5942, USA, Figure S16, Support-
ing Information Appendix).

Finite Element Analyses: The FEA was performed using the commer-
cial software package ABAQUS (SIMULIA, France). A half-period of the

Adv. Mater. 2023, 35, 2300340
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MTSI was used for the FEA model, with the boundary conditions of a dis-
placement load in the x-direction. The elements of C3D8 and C3D8R were
used as the soft substrates and metal interconnects, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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