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Abstract The performance of the flexibility and stretchability of flexible electronics
depends on the mechanical structure design, for which a great progress has been made
in past years. The use of prestrain in the substrate, causing the compression of the
transferred interconnects, can provide high elastic stretchability. Recently, the nonbuck-
ling interconnects have been designed, where thick bar replaces thin ribbon layout to
yield scissor-like in-plane deformation instead of in- or out-of-plane buckling modes. The
nonbuckling interconnect design achieves significantly enhanced stretchability. However,
combined use of prestrain and nonbuckling interconnects has not been explored. This
paper aims to study the mechanical behavior of nonbuckling interconnects bonded to
the prestrained substrate analytically and numerically. It is found that larger prestrain,
longer straight segment, and smaller arc radius yield smaller strain in the interconnects.
On the other hand, larger prestrain can also cause larger strain in the interconnects after
releasing the prestrain. Therefore, the optimization of the prestrain needs to be found to
achieve favorable stretchability.
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1 Introduction

Flexible electronics with a rapid development in recent years have broken through the limita-
tion of traditional rigid electronic devices, and have brought the emergence of flexible display[1–2]

and bendable mobile phones[3]. In addition, flexible electronics technology has also expanded
further applications of electronic devices in medicine[4–5], energy[6], aerospace, and bionics[7–8],
especially in epidermal electronics[9], wearable devices[10], and implantable devices[4–11].

Mechanical structure design is used in flexible electronics to realize the flexibility and stretch-
ability and to make sure that the silicon and metal materials inside the device undergo negligible
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deformations (<1% strain)[12–13]. Based on this characteristic, the circuit prepared on the plane
can be transferred to any non-expandable surface and still has deformability during the use of
the device[14–16]. The stretchable structures, the key of the flexible and stretchable electron-
ics, have experienced a rapid evolution. It began when the buckling of thin metal films was
found on polydimethylsiloxane (PDMS) substrates with prestrain[17], and this “wavy” structure
was successfully implemented with silicon in experiments with overall stretchability less than
10%[12]. The “wavy” structure was further extended to a two-dimensional structure, which
produced complex three-dimensional buckling configurations through biaxial prestretching[18].
Then, the island-bridge layout, in which the active components are mounted at the islands and
the electrical circuit interconnects form the bridges, was developed as a popular approach
to achieve stretchable properties[7,9,17–20]. This provides further possibilities for achieving
functional flexible electronic devices. For instance, the island-bridge layout was transferred
to the ball through the transfer printing technology and yielded hemispherical electronic eye
cameras[7]. The structural designs for interconnects have evolved from straight to curvilinear
layouts[21–22], from those fully bonded to or embedded in the elastomer substrates[23] to free-
standing configuration[24–25], and from simple[21] to self-similar designs[6,26−29], which yield
greater stretchability. Corresponding theoretical models such as the thin film interconnect
with thickness variation[30] and buckled ribbons under out-of-plane loading promise the diverse
design of stretchable electronics[31]. Zhang et al.[32] introduced the application of prestrain
strategy together with interconnects in narrow serpentine shapes, which yielded significantly
enhanced stretchability. They showed that interconnects fully bonded to the elastomeric sub-
strate yielded in- or out-plane deformation after releasing the prestrain. Several experiments
were carried out and proved the enhancement of systematic stretchability for different sets of
electronic materials and geometrical parameters.

Different from the out-of-plane buckling for thin structures (metals, insulators, or semi-
conductors with thickness typically between 100 nm and 1 μm approximately, much smaller
than its width), a nonbuckling interconnect design was introduced, where thick beam-liked bar
replaced the thin ribbon interconnect[29]. The nonbuckling interconnect shows a scissor-like
in-plane deformation instead of in- or out-of-plane buckling and provides enhanced stretcha-
bility, low resistance, and easiness for encapsulation compared with the traditional buckling
layout design. Liu et al.[33] systematically studied the mechanical and electrical behaviors of
nonbuckling interconnect design compared with buckling design and gave an analytic model for
its finite deformation problem.

To further enhance the stretchability of the interconnect design, this work combines the
prestrain strategy and the nonbuckling serpentine interconnect design. An analytic finite de-
formation model is given and confirmed by finite element analysis (FEA) results in Section 2.
Different sets of relevant factors including the levels of prestrain and geometrical parameters
are considered in Section 3. Concluding remarks are given in Section 4. This work is a key
for providing the guidelines for nonbuckling interconnect design of stretchable electronics with
prestrain.

2 Analytic model for nonbuckling interconnect with prestrain strategy

A schematic illustration of the nonbuckling interconnects with the use of prestrain strategy
is shown in Fig. 1. Bonded onto a stretched substrate, the beam-like serpentine interconnect is
subjected to compression and possesses in-plane deformation after releasing the prestrain, which
configures it into a form with enhanced stretchability. In this section, an analytic model for the
finite deformation problem of the nonbuckling serpentine interconnect design with prestrain is
developed. Accurate deformation configurations after releasing the prestrain and under stretch-
ing of the serpentine interconnects are obtained. The relationships on non-dimensional maxi-
mum strain of the interconnect component versus levels of prestrain and structural design are
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Fig. 1 Schematic illustration of prestrain strategy to substrate with fully bonded serpentine non-
buckling interconnect layout and its nonbuckling deformation after releasing prestrain (color
online)

also discussed.
Releasing of the prestrain in the substrate leads to an average compression in the intercon-

nects, which yields pure in-plane bending because of the nonbuckling design. The compressed
nonbuckling structure can be regarded as an in-plane curve beam subjected to horizontal com-
pression or stretching. Figure 2(a) illustrates the serpentine interconnects with multiple periods
under compression. Considering the symmetry, Fig. 2(b) shows a quarter period of the ser-
pentine interconnect in the undeformed state (before releasing the prestrain), the compressed
configuration (after releasing the prestrain), and the stretched configuration. Remarkably, the
right end A is an inflection point and supports free rotation and displacement on the x-axis.
The left end C is guided, allowing only vertical displacement along the y-axis without rotation.
R and L are the radius of the arc part and the length of the straight-line segment, respectively.
A horizontal force P is applied on A due to the compression after releasing the prestrained
substrate or stretching based on the elastic theory[34],

EIΔκ = M, (1)

where EI is the flexural rigidity of the structure, with E being Young’s modulus and I being
the moment of inertia of the cross section, Δκ is the increment of the local curvature (inverse
of curvature radius), and M is the bending moment.

Based on the coordinate system in Fig. 2(b), we have Δκ = |d(θ−θ0)
ds |, where θ and θ0 are

the angles between the x-axis and the tangent directions at a point of deformed or undeformed
configurations correspondingly; s is the curvilinear coordinate, denoting the distance along the
axis of the curved structure from point A. Combining this condition with Eq. (1), we get

EI
∣∣∣d (θ − θ0)

ds

∣∣∣ = Py. (2)

Since
d2θ0

ds2
= 0,

dy

ds
= sin θ,
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we can organize those following equations by simply making derivative and integration from
Eq. (2). In the case of the uncertainness of relationship between θ and π/2, however, Eq. (2)
should be integrated to remain positive at all time for both sides, which yields

1
2
EI

(dθ

ds

)2

= −P | cos θ| + C. (3)

The analytic models of the nonbuckling interconnects in the compressed configuration (shown
in the middle of Fig. 2(b)) and in the stretched configuration (shown on the right side of
Fig. 2(b)) are discussed, respectively.

Fig. 2 (a) Serpentine interconnects with multiple periods under compressing. (b) Quarter period
of interconnect in different states: undeformed state (before releasing prestrain of substrate),
compressed configuration (after releasing prestrain), and stretched configuration (under sig-
nificant stretching). (c) Comparison of configurations between analytic model and FEA and
corresponding distribution of maximum principal strain for interconnect without substrate
(color online)
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In the compressed configuration, for AB part, the conditions of θ > π/2 and cos θ < 0 yield

1
2
EI

(dθ

ds

)2

= P cos θ + C, (4)

where C is the constant which can be specified by the boundary condition. For BC part, the
uncertainness of the relationship between θ and π/2 makes the equation remain to be Eq. (3).

For AB part, the boundary condition at point A possesses dθ
ds = 0 and θ > π/2, because

A is an inflection point and should be jointed to another quarter period, which gives C =
−P cos θA, where θA is the angle between the x-axis and the tangent at point A in the deformed
configuration. dθ

ds < 0 in AB part gives ds = −dθ/
√

2P (cos θ − cos θA) /(EI) from Eq. (4). A
length constraint of AB part gives

L

2
=

∫ L/2

0

ds = −
∫ θB

θA

1√
2P

EI
(cos θ − cos θA)

dθ, (5)

where θB is the angle between the x-axis and the tangent at point B in the deformed configu-
ration. The coordinates of a point in AB part can be obtained as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

x =
∫ s

0

cos θds = −
∫ θB

θA

cos θ√
2P

EI
(cos θ − cos θA)

dθ,

y =
∫ s

0

sin θds = −
∫ θB

θA

sin θ√
2P

EI
(cos θ − cos θA)

dθ.

(6)

For BC part, a fundamental equation begins with Eq. (3), and the boundary condition θ = 0
at C leads to C =P + EI(dθ

ds |C)2/2. ds
dθ <0 in BC part leads to ds= −dθ√

2P (1−|cos θ|)/EI+(dθ/ds|C)2

from Eq. (3). The length constraint of BC gives

πR

2
= −

∫ 0

θB

1√
2P

EI
(1 − |cos θ|) +

( dθ

ds

∣∣∣∣
C

)2
dθ. (7)

The coordinates of a point in BC part can be obtained as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x = −
∫ θB

θA

cos θ√
2P

EI
(cos θ − cos θA)

dθ −
∫ θ

θB

cos θ√
2P

EI
(1 − |cos θ|) +

( dθ

ds

∣∣∣∣
C

)2
dθ,

y = −
∫ θB

θA

sin θ√
2P

EI
(cos θ − cos θA)

dθ −
∫ θ

θB

sin θ√
2P

EI
(1 − |cos θ|) +

( dθ

ds

∣∣∣∣
C

)2
dθ.

(8)

The coordinates at C, i.e., xC and yC can thus be obtained as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

xC = −
∫ θB

θA

cos θ√
2P

EI
(cos θ − cos θA)

dθ −
∫ 0

θB

cos θ√
2P

EI
(1 − |cos θ|) +

(
dθ

ds

∣∣∣∣
C

)2
dθ,

yC = −
∫ θB

θA

sin θ√
2P

EI
(cos θ − cos θA)

dθ −
∫ 0

θB

sin θ√
2P

EI
(1 − |cos θ|) +

(
dθ

ds

∣∣∣∣
C

)2
dθ,

(9)
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where the angle on point C remains to be zero.
At point B, the difference between two derived dθ

ds from AB part and BC part should be
unchanged for the undeformed state and the compressed configuration. Recalling θB > π/2,
cos θB < 0, we obtain

−
√

2P

EI
(cos θB − cos θA) +

√
2P

EI
(1 + cos θB) +

( dθ

ds

∣∣∣∣
C

)2

=
1
R

. (10)

The following dimensionless functions are adopted:

R =
√

2P/(EI)R, θ ′
C =

√
EI/(2P )

dθ

ds

∣∣∣∣
C

, xC = xC/R, L = L/R.

Then, the following equations can be obtained from Eqs. (5), (7), (9) and (10):

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−
∫ θB

θA

1√
cos θ − cos θA

dθ =
R L

2
,

−
∫ 0

θB

1√
1 − | cos θ| + θ ′

C
2

dθ =
πR

2
,

−√
cos θB − cos θA +

√
(1 + cos θB) + θ ′

C
2 =

1
R

,

∫ θA

θB

cos θ√
cos θ − cos θA

dθ +
∫ θB

0

cos θ√
1 − | cos θ| + θ ′

C
2

dθ = R xC .

(11)

The integrations of the left hand side of Eq. (11) can be rewritten in the elliptic integration
forms as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

K
(θA

2
,

1
sin θA

2

)
− K

(θB

2
,

1
sin θA

2

)
=

R L

2
√

2
sin

θA

2
,

K
(√

2
2 + θ ′

C
2

)
− 2K

(π

4
,

√
2

2 + θ ′
C

2

)
+ K

(θB

2
,

√
2

2 + θ ′
C

2

)
=

πR

4

√
2 + θ ′

C
2,

−√
cos θB − cos θA +

√(
1 + cos θB

)
+ θ ′

C
2 =

1
R

,

√
2 cos θA

sin θA

2

(
K

(θA

2
,

1
sin θA

2

)
−K

(θB

2
,

1
sin θA

2

))
+2

√
2 sin

θA

2

(
E

(θA

2
,

1
sin θA

2

)

−E
(θB

2
,

1
sin θA

2

))
+

2(1 + θ ′
C

2)√
2 + θ ′

C
2

(
K

(√
2

2 + θ ′
C

2

)
− 2K

(π

4
,

√
2

2 + θ ′
C

2

)

+K
(θB

2
,

√
2

2 + θ ′
C

2

))
+ 2

√
(2 + θ ′

C
2)

(
2E

(π

4
,

√
2

2 + θ ′
C

2

)

−E
(√

2
2 + θ ′

C
2

)
− 2E

(θB

2
,

√
2

2 + θ ′
C

2

))
= R xC ,

(12)
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where K and E are the elliptic integrations of the first kind and the second kind, defined as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

K(φ, k) =
∫ φ

0

dθ√
1 − k2 sin2 θ

,

K(k) =
∫ π

2

0

dθ√
1 − k2 sin2 θ

,

E(φ, k) =
∫ φ

0

√
1 − k2 sin2 θdθ,

E(k) =
∫ π

2

0

√
1 − k2 sin2 θdθ.

(13)

At a given horizontal displacement in compressing, i.e., specifying xC , one can obtain R, θA, θB,
and θ ′

C , the coordinates of points A, B, and C via the commercial software package MATLAB.
The analytic model of the compressed nonbuckling interconnects after releasing the prestrain

is obtained. Such a model with compression is regarded as the initial compressed state including
the coordinates of the endpoints A, B, and C, and the geometrical shape is then used to continue
the stretching process. The stretching process can be separated into two steps. The first step is
during little applied stretching strain from the initial compressed state to the stress-free state.
The second step is under prominent stretching, shown on the right side of Fig. 2(b).

During the first step, the stretching process is regarded as a determined process of reverse of
compression which has been discussed above. For the second step, each considered parameter
has been discussed in Ref. [33], and the results are given as follows.

The coordinates of AB part are⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

x =
∫ θ

θA

cos θ√
2P

EI
(cos θA − cos θ)

dθ,

y =
∫ θ

θA

sin θ√
2P

EI
(cos θA − cos θ)

dθ.

(14)

The coordinates of BC part are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x =
∫ θB

θA

cos θ√
2P

EI
(cos θA − cos θ)

dθ −
∫ θ

θB

cos θ√
2P

EI
(1 − cos θ) +

(
dθ

ds

∣∣∣∣
C

)2
dθ,

y =
∫ θB

θA

sin θ√
2P

EI
(cos θA − cos θ)

dθ −
∫ θ

θB

sin θ√
2P

EI
(1 − cos θ) +

(
dθ

ds

∣∣∣∣
C

)2
dθ.

(15)

The coordinates of point C are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

xC =
∫ θB

θA

cos θ√
2P

EI
(cos θA − cos θ)

dθ −
∫ 0

θB

cos θ√
2P

EI
(1 − cos θ) +

(
dθ

ds

∣∣∣∣
C

)2
dθ,

yC =
∫ θB

θA

sin θ√
2P

EI
(cos θA − cos θ)

dθ −
∫ 0

θB

sin θ√
2P

EI
(1 − cos θ) +

(
dθ

ds

∣∣∣∣
C

)2
dθ.

(16)
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The nondimensional constraint equations are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫ θB

θA

1√
cos θA − cos θ

dθ =
R L

2
,

−
∫ 0

θB

1√
1 − cos θ + θ ′

C

2
dθ =

πR

2
,

√
cos θA − cos θB +

√
(1 − cos θB) + θ ′

C

2
=

1
R

,

∫ θB

θA

cos θ√
cos θA − cos θ

dθ +
∫ θB

0

cos θ√
1 − cos θ + θ ′

C

2
dθ = R xC .

(17)

Similarly, the integrations of the left hand side of Eq. (17) can be rewritten in the elliptic
integration forms as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

K
(π − θA

2
,

1
cos θA

2

)
− K

(π − θB

2
,

1
cos θA

2

)
=

√
2R L

4
cos

θA

2
,

K
(√

2
2 + θ ′

C
2

)
− K

(π − θB

2
,

√
2

2 + θ ′
C

2

)
=

πR

4

√
2 + θ ′

C
2,

√
cos θA − cos θB +

√
(1 − cos θB) + θ ′

C
2 =

1
R

,

√
2 cos θA

cos θA

2

(
K

(π − θA

2
,

1
cos θA

2

)
− K

(π − θB

2
,

1
cos θA

2

))

+2
√

2 cos
θA

2

(
E

(π − θB

2
,

1
cos θA

2

)
− E

(π − θA

2
,

1
cos θA

2

))

+
2(1 + θ ′

C
2)√

2 + θ ′
C

2

(
K

(√
2

2 + θ ′
C

2

)
− K

(π − θB

2
,

√
2

2 + θ ′
C

2

))

+2
√

(2 + θ ′
C

2)
(
E

(π − θB

2
,

√
2

2 + θ ′
C

2

)
− E

(√
2

2 + θ ′
C

2

))
= R xC ,

(18)

where K and E are the elliptic integrations of the first kind and the second kind, respectively.
For a serpentine structure, the local maximum strain defined as εmax, is reached at C. It is
described as

εmax =
1
2
κw =

w

2

∣∣∣∣(( dθ

ds

∣∣∣∣
C

)
+

1
R

)∣∣∣∣ . (19)

For the compressed configuration (shown in the middle of Fig. 2(b),
(

dθ
ds

)|C < −1/R, Eq. (19)
can be deduced as

εmax = −w

2

(( dθ

ds

∣∣∣∣
C

)
+

1
R

)
. (20)

For the stretched configuration shown on the right hand side of Fig. 2(b), −1/R <
(

dθ
ds

)|C < 0,
Eq. (19) is deduced as

εmax =
w

2

(( dθ

ds

∣∣∣∣
C

)
+

1
R

)
. (21)
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The nondimensional maximum strain (R/w) εmax is obtained, which can donate the local max-
imum strain of the quarter period, i.e., also the global maximum strain of a periodic serpentine
structure. Notably, (R/w) εmax remaining to be zero means a stress-free state, and a large
(R/w) εmax means a significant change of configuration. Since for a nonbuckling serpentine
structure discussed above, the maximum strain is reached at the arc peak. For the compressed
configuration, the curvature of the arc peak increases with increasing (R/w) εmax according to
Eq. (20). For the stretched configuration, the curvature of the arc peak decreases with increasing
(R/w) εmax according to Eq. (21).

The analytic results at several stages of deformation are shown in Fig. 2(c), and the numerical
results are shown by red spots simultaneously. In order to find regularity, the analytic and
numerical studies on mechanical behaviors are based on the elastic theory. The influence of the
substrate is not discussed here. Instead, a compressed nonbuckling interconnect after releasing
the prestrain of substrate is modeled as such serpentine structure subjected to concentrate
loading force in finite element simulation. Due to the above assumption, a compression level is
introduced as εpre-compression = lcompression/loriginal-length to evaluate the compression and reflect
the level of prestrain, where lcompression is the length of compression in the x-direction, and
loriginal-length is the length of nonbuckling interconnect in the undeformed state (R for quarter
period structure). The applied strain is defined as εapplied = lelongation/lcompressed-length during
the stretching process, where lelongation is the elongation of interconnects along the stretching
direction, and lcompressed-length is the length of the compressed nonbuckling interconnect in the
initial compressed state.

Due to symmetry, only a half period of the interconnect with arc radius R = 0.25 mm,
thickness t = 0.05 mm, width w = 0.05 mm, and straight segment length L = 1 mm, has been
analyzed in the commercial software package ABAQUS, with displacement loading applied
in the direction of compression or stretching. The 4-node doubly curved thick shell element
is adopted for the interconnect, which is described by a linear elastic material with Young’s
modulus 124 GPa and Poisson’s ratio 0.34. The undeformed configuration is shown on the top
of the Fig. 2(c). The following second subfigure shows the deformed configuration with 18%
compression and none applied strain (the maximum strain of the interconnects reaches 0.3% for
the half of the cross section of the end C). The FEA result shows that the interconnects produce
in-plane bending deformation with increasing arc curvature of curvilinear segments and incline
with the decreasing spacing between the adjacent straight segments. During the stretching
process, the nonbuckling interconnects first recover to the stress-free state, i.e., its undeformed
configuration (shown in Fig. 2(c), the third subfigure) with 22% applied strain. During the
following stretching process, the FEA result shows in-plane deformation of the nonbuckling
interconnects, with the decreasing curvature of curvilinear segments and increasing spacing
between inclined straight segments (shown in Fig. 2c, the last subfigure). During the whole
deformation period, the accuracy of the analytic results is confirmed by perfect agreement with
the FEA.

3 Effects of levels of prestrain and interconnects constructed using various
layouts

This section summarizes the effects of different levels of prestrain and geometric parame-
ters on the non-dimensional maximum strains of the serpentine interconnect. The curves of
the analytic nondimensional maximum strain versus the applied strain with different levels of
pre-compression are shown in Fig. 3(a) for L = 10. Compared with non-prestrained samples,
the prestrained interconnects show a decreasing nondimensional maximum strain during the in-
cipient stretching process. At the point of nondimensional maximum strain reaching zero, the
interconnects recover to the stress-free state. During the following stretching process, nondi-
mensional maximum strain increases monotonically. This tendency demonstrates well on the
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enhancement of stretchability for nonbulcking interconnect with prestrain. Figure 3(b) shows
that for a specific applied strain, the analytic maximum strain decreases with increasing the
pre-compression level. The curves of analytic maximum strain versus nondimensional L are ex-
hibited in Fig. 3(c) for different pre-compression levels when εapplied = 0. It can be found that a
large pre-compression causes a large strain at the initial compressed state, and increasing L can
significantly reduce the maximum strain of the interconnects. Figure 3(d) illustrates that for
a large applied strain, increasing pre-compression and L can significantly reduce the maximum
strain.
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Fig. 3 (a) Curves of analytic nondimensional maximum strains versus applied strain with different

sets of pre-compression for interconnects with L = 10. (b) Curves of analytic nondimensional
maximum strains versus pre-compression with 100% applied strain and 150% applied strain
for interconnects with L = 10. Curves of analytic nondimensional maximum strains versus L
with 0%, 5%, 10% and 15% pre-compression for cases of (c) 0% applied strain and (d) 50%
applied strain (color online)

The encapsulation is used in practical design, where the interconnects are bonded to the
substrate. In contrast to the situation without substrate in Fig. 2(c), the FEA illustrates the
effects of substrate with 22% prestrain in Fig. 4(a). The compression level of interconnects is
consistent with Fig. 2(c) according to εpre-compression = εprestrain/(1+εprestrain). The 8-node lin-
ear brick element is adopted for the elastic substrate that is regarded as a hyperelastic material
as described by the Mooney-Rivlin model, with C10 = 0.008 054 MPa, C01 = 0.002 013 MPa,
and D1 = 2.0 MPa−1. The on-top subfigure in Fig. 4(a) shows the configuration of the intercon-
nects bonded to the substrate before releasing the prestrain. The second subfigure shows the
compressed configuration after releasing the prestrain. The FEA result shows that the inter-
connects produce in-plane bending deformation with increasing the arc curvature of curvilinear
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Fig. 4 (a) Configurations of FEA results for interconnects with substrate and corresponding distri-
bution of maximum principal strain. (b) Curves of nondimensional maximum strains versus
applied strain with different levels of prestrain for interconnects with L = 10. (c) Curves of
nondimensional maximum strains versus prestrain with 100% applied strain and 150% applied
strain for interconnects with L = 10. Curves of nondimensional maximum strains versus L
with 0%, 5%, 10% and 15% prestrain for cases of (d) 0% applied strain and (e) 50% applied
strain (color online)
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segments and incline with the decreasing spacing between the adjacent straight segments. This
result shows a significant difference from out-of-plane buckling of thin structures[32], where thin
ribbon Cu produces both in- and out-plane buckling deformations and straight segments get
closer and keep nearly vertical. The FEA result on the right hand side shows that the maximum
strain in the interconnects is slightly greater than that in the interconnects without substrate. It
is because the constraint from the substrate restricts the free motion of the interconnect, which
yields large strain early at the arc peak and leads to local strain concentration. Due to elastic
deformation, the interconnects still recover to the stress-free state during the stretching process.
The in-plane bending deformation, predicted by the FEA, is produced in the interconnects
with the increasing applied strain. The curvature of the curvilinear segment decreases and
the straight segments incline with the increasing spacing (shown in the bottom subfigure of
Fig. 4(a)).

The effects of different parameters on the maximum strain during the nonbuckling defor-
mation of the interconnects with prestrained substrate are studied numerically. The trends
of FEA results are consistent with those of analytic results. In Fig. 4(b), compared with the
non-prestrain sample, the nondimensional maximum strain of the nonbuckling interconnect
with prestrain goes through a decreasing stage at the beginning of stretching. An increasing
prestrain level correspondingly extends the decreasing stage during the stretching process. For
a large applied strain, a large level prestrain of the substrate can effectively reduce the maxi-
mum strain in the nonbuckling interconnects, shown in Fig. 4(c). However, on the other hand,
Fig. 4(d) also illustrates that for different L, increasing prestrain induces an increasing maxi-
mum strain in the initial compressed state (εapplied = 0), which means a potential constraint
of the prestrain to the substrate. Consist with the analytic model discussed above, Fig. 4(e)
shows that increasing prestrain level and L can effectively reduce the maximum strain in the
nonbuckling interconnect, thus improving its stretchability.

4 Concluding remarks

(i) The prestrain design enhances the stretchability of nonbuckling interconnects, which
produce in-plane nonbuckling deformation after releasing the prestrain of the substrate and
under the stretching of the substrate.

(ii) An analytic model for finite deformation problem of nonbuckling serpentine interconnects
design with prestrain is developed. Accurate deformation configurations after releasing the
prestrain and under the stretching to the serpentine interconnects are obtained.

(iii) For nonbuckling interconnect design with prestrain-released substrate, large levels of
prestrain induce small maximum strain of the nonbuckling interconnects under stretching, thus
enhancing the stretchability. On the other hand, a large prestrain also yields a large maximum
strain after releasing the prestrain, which means a constraint of the prestrain to the substrate.

(iv) The stretchability is highly influenced by structural design, i.e., long straight segments
and small arc radii for nonbuckling interconnects yield lower strain in the interconnect, thus
enhancing the stretchability.
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