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Recently, we developed a nonbuckling interconnect design that provides an effective approach to simultaneously achieving high
elastic stretchability, easiness for encapsulation, and high electric performance for stretchable electronics. This paper aims to
systematically study its mechanical and electric behaviors, including comparisons of the nonbuckling and buckling interconnect
designs on stretchability, effects of the thickness on electric performance, and modeling and experimental investigations on the
finite deformation mechanics. It is found that the results on stretchability depend on the layouts. Long straight segments and
small arc radii for nonbuckling interconnects yield an enhancement of stretchability, which is much better than that of buckling
designs. On the other hand, shorter straight segments or thicker interconnects are better to lower the resistances of interconnects.
Therefore, optimization of the designs needs to balance the requirements of both the mechanical and electric performances. The
finite deformation of interconnects during stretching is analyzed. The established analytic model is well validated by both the
finite element modeling and experimental investigations. This work is key for providing the design guidelines for nonbuckling-
based stretchable electronics.
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1 Introduction

As an emerging class of technology, stretchable electronics
has received considerable attention [1]. With the rapid de-
velopment of materials, structural designs, and manufactur-
ing techniques, an increasing number of potential
applications have been developed, such as hemispherical
electronic eye cameras [2,3], epidermal electronics [4], fin-
gertip electronics [5,6]), stretchable batteries [7], and soft
robotics [8].

It is known that flexible electronics has planar thin film
configurations while the target surfaces, such as the clothes,
skins, and organs to which the electronics is attached, have
various complex shapes and are usually time-varying; thus,
to achieve high-performance bio-electronic devices, there is
a key demand for dynamic conformal contact of the elec-
tronics with arbitrary surfaces. Figure 1(a) and (b) illustrates
the necessity of stretchability by sketching a thin film that
fits onto a developable surface, represented by a cylinder
(Figure 1(a)), and a non-developable surface, represented by
a sphere (Figure 1(b)), respectively. It is seen that the film
can be flattened onto a cylinder (developable surface)
without stretching, but this is impossible on a sphere (non-
developable surface), where wrinkling is inevitable unless
the film is properly stretched. Therefore, perfect fit with the
most common non-developable surfaces requires that the
electronic devices be stretchable, not just flexible (e.g.,
foldable and bendable), as illustrated in the preceding para-
graph, where the elastic stretchability is of crucial im-
portance for all of the listed electronic systems.

Existing structural designs (Figure 1(c)) for interconnects
that can offer stretchability in electronic devices have ex-
perienced an evolution from straight [2,9-11] to curvilinear
layouts [11,12], from bonding to or embedding in the sup-
porting substrates [13] to free-standing configuration [14],
and from simple [11] to self-similar fractal structures [7,15-
18]. It should be noted that, although stretchability is effec-
tively improved, the same strategy has been applied to all
above schemes, i.e., out-of-plane buckling of thin inter-
connects, as shown in Figure 1(c). Some important advances
in this respect have been recently made, such as the buckling
of serpentine microstructures [19], postbuckling of fractal
interconnects partially bonded to a substrate [20], and theory
of large-displacement space curved beams accounting for
geometric nonlinearity and different scalings of kinematic
variables [21]. The limitations of the above systems are at
least twofold. First, the freestanding interconnects bring a
challenge for encapsulation of practical stretchable electro-
nics, which usually induces much reduction in stretchability.
The maximum stretchability is only ~60% for the bonded
interconnects without prestrain; this corresponds only to
~12% system stretchability under ~64% areal coverage of
active devices [22]. Second, the buckled interconnects with
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thin-film configuration cause high electric resistances; this
brings about high power dissipation and heat generation, thus
leading to poor performance and reliability of the devices
such as stretchable arrays of LEDs.

To address the problems in out-of-plane buckling designs,
Su et al. [17] introduced a nonbuckling design, providing a
novel route to more advanced stretchable electronics. Figure 1(c)
shows the experimental and finite element modeling results
for an 80-um-thick nonbuckling copper serpentine inter-
connect that is bonded to an Ecoflex substrate, which can
achieve 96% stretchablity. Further study shows that the
nonbuckling design for metal materials can achieve the
stretchability as large as ~350% (around six times larger than
~60% stretchablity by the buckling design), and ~90%
stretchability can be realized even for brittle inorganic
semiconductor materials such as silicon [17]. With the
thickness properly increased, the nonbuckling serpentine
interconnects can simultaneously implement high elastic
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Figure 1 (Color online) Schematic illustrations of a thin film fitting onto
(a) a developable surface represented by a cylinder and (b) a non-devel-
opable surface represented by a sphere. (c) Evolution of the buckling de-
signs for interconnects [7,9-12,15,18] as well as the experiment and finite
element modeling [17] for an 80-pum-thick nonbuckling copper serpentine
interconnect that is bonded to an Ecoflex substrate when stretched to 96%
applied strain. Reproduced with permission from refs. [7,9-12,15,17,18].
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stretchability, easiness for encapsulation, and high electric
performance (with low resistances, power dissipation and
heat generation) [17]. A few recent advances in this respect
have been reported, such as the investigations on stretch-
ability and compliance of freestanding serpentine-shaped
ribbons [23], finite deformation model of planar serpentine
interconnects [24], and elasticity solutions to nonbuckling
wide serpentine ribbons [25]. However, there still exists a
pending puzzle of extreme importance: does the nonbuckling
design always win on stretchability?

With the key problem being a start, this paper aims to
systematically study the mechanical and electric behaviors of
nonbuckling interconnects, including comparisons of the
nonbuckling and buckling interconnect designs on stretch-
ability, effects of the thickness on electric performance, and
modeling and experimental investigations on the finite de-
formation mechanics. Typical serpentine interconnects that
are bonded to a compliant elastomeric substrate are sys-
tematically investigated by the finite element modeling,
where different deformation modes are explored, including
both the buckling and nonbuckling modes. By analyzing the
impact of the straight segment lengths and arc radii on
stretchability, we summarize the guidelines for a nonbuck-
ling-based system to achieve favorable stretchability and
suggest the scope of applicability of the nonbuckling design
for stretchable electronics. An elastica theory-based analytic
finite deformation model is then established, by which we
obtain accurate mechanical behaviors of nonbuckling inter-
connects. Comprehensive finite element analysis (FEA) and
experimental investigations are carried out, which validate
the analytic model. The current work provides a basis for
refined nonbuckling design toward high-performance
stretchable electronics.

2 Systematic comparisons of the buckling and
nonbuckling interconnects on the mechanical
stretchability and electric performance

A class of typical serpentine interconnects are studied by
FEA in this section, with the computational model illustrated
in Figure 2(a), where the Cu interconnect with a fixed width
of 50 um is bonded to a 0.5-mm-thick Ecoflex substrate. The
stretchability is examined by changing the thickness of Cu
interconnect, ¢, in a wide range, from 10 nm to 500 pm.
Due to symmetry, only a half period of the interconnect has
been analyzed in the commercial software package ABA-
QUS [26], with displacement loading applied in the direction
of stretching. The 8-node linear brick element was adopted
for the Ecoflex substrate that was regarded as a hyperelastic
material as described by the Mooney-Rivlin model, with
C,,=0.008054 MPa, C,,=0.002013 MPa, and D,=2.0 MPa ™.
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The 4-node doubly curved thin or thick shell element was
adopted for the interconnect that was described by an elastic-
perfectly plastic material, with the Young’s modulus
124 GPa, Poisson’s ratio 0.34, and yield stress 372 MPa.

Take the black curve in Figure 2(b) and corresponding
deformation modes in Figure 2(c) as an example; this cor-
responds to the interconnect with arc radius R = 0.25 mm and
straight segment length Z=3 mm. It is interesting to see that,
with increasing the Cu thickness, the elastic stretchability of
the system increases, then decreases, and increases again.
The wrinkling deformation mode is yielded for the Cu with
nano-scale thicknesses, and thicker Cu induces larger wa-
velength, as shown in Figure 2(c). When 7, ~ 50pum, a
transition from the wrinkling/buckling deformation mode to
nonbuckling mode is detected from FEA. For thicker Cu, the
nonbuckling mode dominates the deformation of the inter-
connects; this is also called scissoring mode as the deformed
regime is like scissors. The quantitative results in Figure 2(b)
confirm that the nonbuckling design gives better stretch-
ability over buckling designs. The elastic stretchability under
the nonbuckling mode is as large as ~120%, while the op-
timal stretchability of buckling designs is only ~30%.

The effect of the length L of straight segments on

‘;-1 204 ¢ —3mm Cross section
L mm
_J:—'_h 904 -l =0rmn

R=025mm

Elastic stretchabil
(95
[==]

huco k i_nrJ-

1x10°1x10* 0.001 0.01 0.1
fz, (Mm)

Wrinkling/Buckling

Infinite periods with symmetric
boundary condition

(©)

—
[l
e

L-0 mm
{e, = 50 nm stretched to 24%

t-, = 500 nm stretched to 7%

t-, =10 um stretched to 5%

t-, =100 um stretched to 5%

Figure 2 (Color online) (a) Computational model of a typical serpentine
interconnect that is bonded to a substrate; (b) elastic stretchability versus
the thickness of Cu interconnects with R=0.25 mm and L=0, 1, 2, and
3 mm; observation of different deformation modes for the interconnects
having (c¢) L=3 mm and (d) L=0, with ¢, ;= 50 nm, 500 nm, 10 um, and
100 pm.
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stretchability is studied with R=0.25 mm fixed, as shown in
Figure 2(b). The blue, green, red, and black curves corre-
spond to =0, 1, 2, and 3 mm, respectively. There is no
obvious law found for the optimal stretchability for buckling
designs, but for the nonbuckling design, longer straight
segments provide significantly larger stretchability. As the
straight segment length L increases from 0 to 3 mm, the
stretchability increases from ~5% to ~120%. The case with L
=1 mm (green curve) is almost the threshold, of which the
nonbuckling design-based stretchability approaches the op-
timal one of buckling designs. For L>1 mm, the nonbuckling
design is able to provide larger stretchability, while buckling
designs do for L<1 mm. It is worth pointing out that, with
increasing ¢, the stretchability of the system without
straight segments in the interconnect only experiences an
increase and then a decrease, but without any more increase.
The stretchability reaches saturation at a low level (~5%), no
matter how large ¢, is, as indicated by the blue curve and
Figure 2(d). These results clearly show that whether the
nonbuckling design wins on stretchability depends on the
interconnect layouts.

We further examine the effects of the arc radius R by re-
ducing it to 0.2 and 0.15 mm, as plotted in Figure 3(a) and
(b), respectively. Stretchability versus the thickness and
straight segment length of the Cu interconnect shows the
same trend as that in Figure 2(b) for R = 0.25 mm, thus va-
lidating the findings derived from Figure 2. It is found that,
with a fixed L, smaller R yields larger stretchability for the
nonbuckling design. For example, R=0.15 mm gives the
largest stretchability as high as ~160%, as compared with
~120% stretchability for R=0.25 mm and L = 3 mm.

High electric resistances exist in thin buckled inter-
connects; this inevitably brings high power dissipation and
heat generation. Therefore, it is necessary to examine the
resistances of the present design. For the serpentine structure
under consideration, the resistance per unit apparent length
along the direction of stretching, denoted by R, and non-
dimensionalized by Rw/ p, is
BY Ry = sp(aeD), (1)
where p is resistivity of the interconnect, w is width, 7 = ¢t/ R
(¢ 1s thickness), and =L/ R. It is seen that the non-dimen-
sional resistance per unit apparent length of the interconnect
depends only on the non-dimensional thickness 7 and non-
dimensional length [, as plotted in Figure 4 via (Rw/p)R,,
versus 7 for [ =4, 8, 12, and 16, respectively. It is obvious
that the resistance per unit apparent length along the direc-
tion of stretching is inversely proportional to the thickness.
Increase of the thickness from hundreds of nanometers
(buckling designs) to dozens of micrometers can reduce the
resistance as well as heat generation by two orders of mag-
nitude. On the other hand, longer straight segments yield an
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Figure 3 (Color online) Elastic stretchability versus the thickness of Cu
interconnects having (a) =0.2 mm and (b) R=0.15 mm, with =0, 1, 2, and
3 mm.
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Figure 4 (Color online) Curves of the non-dimensional resistances versus
the thicknesses for the interconnects with I =4, 8, 12, and 16.

increase of the resistance, although it increases the stretch-
ability for the nonbuckling design. Therefore, optimization
of the designs needs to balance the requirements of both the
mechanical and electric performances.

It is concluded from the above analysis that whether the
nonbuckling design wins on stretchability depends on the
layouts of straight segments and arcs. Basically, long straight
segments and small arc radii help to enhance the stretch-
ability, provided that the thicknesses of interconnects are
large enough. However, to lower the resistances, shorter
straight segments or thicker interconnects are better. Balance



H. Liu, et al.

of the requirements of the mechanical and electric perfor-
mances should be conducted in practical applications.

3 Finite deformation mechanics of nonbuckling
interconnects

In this section, we solve the finite deformation problem of a
nonbuckling serpentine structure. Accurate deformation
configurations during stretching are obtained. The results are
of significance for gaining insight into the complex me-
chanical behavior of the serpentine structure and are useful
for refined nonbuckling design of stretchable electronics.

Figure 5(a) illustrates a serpentine structure with multiple
periods under horizontal stretching. In view of symmetry, a
quarter period of the structure is analyzed, as shown in
Figure 5(b) for the initial stress-free state and in Figure 5(c)
for the deformed state. The model incorporates a quarter
circle with radius R and a straight-line segment with length
L/2. Noting that the right end 4 is an inflection point, the
zero-bending moment condition requires that 4 is simply
supported, allowing free rotation and horizontal displace-
ment along the x axis. The left end C is guided, allowing only
vertical displacement along the y axis without rotation. The
horizontal force P is applied at 4 due to stretching.

We begin the analysis by giving the governing equation of
the structure based on the elastica theory [27]:

0-0
4 i J — py, 2)

where E7 is the flexural rigidity of the structure, with £ being
the Young’s modulus and / the moment of inertia of cross
section; 6, and @ are the angles between the x axis and the
tangent at a point in the undeformed and deformed config-
urations, respectively; s is the curvilinear coordinate denot-
ing the distance along the axis of curved structure from point
A (Figure 5(c)). Since d°0,/ds*=0 and dy/ds = sind, we
have E1d%0/ ds* = Psind from eq. (2). The integration yields

1,..(do)
7EI[5] = —Pcosf+C, 3)

where C is the constant to be determined. In the following,
we respectively consider the segments 4B and BC.

For AB, substituting the boundary condition that
df/ds = 0 at 4 into eq. (3) gives C = Pcosd,, where 0, is the
angle between the x axis and the tangent at 4 in the deformed
configuration. Since df/ds>0 in AB, we obtain

ds =do/ JZP(COSHA —COSH) / EI from eq. (3). The length of

L L2 O 1
7= [e=[= @, @)
i \/ﬁ(cos@,—cosﬁ)
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where 0, is the angle between the x axis and the tangent at B
in the deformed configuration. The coordinates of a point in
AB can be obtained as:

x= Jicosﬂds = f > cos do,
0 2 \/EI (cost, —cosb)
(%)
0 .
y= fsineds - sind do.
0 Y \/EI;(COSOA cosf))

For BC, substituting the boundary condition that 0 = 0 at C
into eq. (3) gives C = P+ EI(d6/ ds|)/ 2. Since df/ ds < 0

in BC, we obtain ds=—d0/ \|2P(1 —cos0) / EI +(d0 / dsl,)’
from eq. (3). The length of BC is

- —jl ! do. (6)

2
d()]
C

ds
The coordinates of a point in BC can be obtained as:

% |2pP
' /\/ﬁ(l —cosf) +

0, )
N S R—
o, \/é—?(cos@ —cosf)

_f cost a0,

2
% |2P
B/\/ﬁ(l—cos9)+ C]

do
ds

(N

sind

do
\/2E—1;(cos()A —cos0)

<
Il
De— >

_j? sinf 0.

2
% |2P do
B/\/ﬁ(l—cose)Jr C]

ds
The horizontal and vertical distances from 4 to C, i.e., x.
and y,., are respectively obtained as:

0,

B
0
xe = | = do

2 \/%(COSQA —cosf)

¢ cosf
+ j do, (®)

2
0
,\/125—1;(1 —cos0) + d ]
c

do
ds

and
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_ f sind 40

% \/%(COSGA —cosf)

O .
N sinfd : 40, )

o [2p do

, ﬁ(l —cost) + & )

At B, the difference of curvatures derived from AB and BC
remains unchanged before and after deformation; this leads
to

2P
EI

Z7(cosd, —cosby)

do
ds

2
2P 1
+, _E](l —cosHB)-i- C] =% (10)

Introducing R =

J2PTEIR. 0. =

{a)

JEIT2Pd0/ ds|, and
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Xc =x. /R, recalling [ = L/ R, the following equations are
obtained from egs. (4), (6), (8), and (10):

9, o
9 cosO —cosf
A
_ R
T m ©=7
9, cos (11
—— 1

\/(COSQA —costy) + J(l —cosly)+0 7 = %
HB 98
| S — cosd 0 = Rx,.

5, A/ €080, — cosl 0 o/ 1—cosf+8 >

At a given horizontal displacement in stretching, i.e.,
and 0.

above set of equations via the commercial software package
MATLAB. The coordinates of any point in the structure

specifying X, one can obtain R, 0, 0,, from the
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Figure S (Color online) (a) Serpentine interconnect with multiple periods under horizontal stretching. A quarter period of the interconnect in (b) the initial
stress-free state and (c) deformed state. (d) Comparison of the configurations between the analytic model and FEA under different applied strains.
Experimental configurations with the interconnect being (e) freestanding or (f) bonded to an Ecoflex substrate.



H. Liu, et al.

during stretching are then obtained by egs. (5) and (7).

The accuracy of the analytic results is confirmed by perfect
agreement with FEA, as shown in Figure 5(d), in which
X =x/Rand y =y/R. A more refined set of configurations
of the interconnects with different lengths of straight seg-
ments are plotted in Figure al (see Appendix for details),
where the accuracy of the analytic model is well validated
again. To further test the applicability of our model, we
fabricate two specimens of PI interconnects (R = 0.8 mm,
t=w=0.1mm, and L=32mm), with one being free-
standing (Figure 5(e)) and the other one bonded to a 0.5-mm-
thick Ecoflex substrate (Figure 5(f)). Six periods are taken to
eliminate the boundary effects of the specimens, which are
quasi-statically stretched to 350% applied strain in a micro-
tensile material-testing machine (Instron 5848 Microtester).
The recorded configurations during stretching include those
unstretched and those stretched to 50%, 100%, 150%, 200%,
and 250% applied strains, respectively. All the experimental
results agree very well with both FEA and our analytic
model, regardless of the Ecoflex substrate; this also confirms
the negligible effect of the substrate, i.e., encapsulation has
negligible impact on the deformation mode and stretchability
of nonbuckling interconnects, which is an important basis for
feasibility of nonbuckling-based stretchable electronics. The
force-displacement relationship is also experimentally ob-
tained, which shows favorable agreement with the analytic
finding, as reflected in Figure 6(a) for the curve of P versus
the applied strain X, — 1.

The maximum strain in an interconnect is reached at C,
where the maximum bending moment is reached. We have

1.do
F*&C]’ (12)

where Ax is the curvature change from the initial config-
uration. Eq. (12) holds under the following conditions: (1)
the material maintains a linear-elastic state during deforma-
tion, and (2) the membrane strain is much small than the
bending strain. Accordingly, eq. (12) implies two extreme

N
emax—2Ak )

cases: (1) d0/ds|. = —1/R, resulting in ¢ _, = 0, indicating
the initial stress-free configuration, and (2) dg/ ds| c=0
resulting in ¢ = w/(2R), indicating straightening of the
interconnect. At a given applied strain X, — 1, Rd6/ ds| c can
be obtained by eq. (11), substitution of which into the non-
dimensional form of eq. (12), Re ./ w= (1+Rd0/ds|.)/2,
gives the curve of the maximum interconnect strain versus
the applied strain, as shown in Figure 6(b) for I =4, 8, 12,
and 16, respectively. To quantitatively characterize how easy
the interconnects with different lengths of straight segments
are stretched to specified applied strains, the non-dimen-
sional force-applied strain curves corresponding to Figure 6(b)
are plotted in Figure 6(c). It is seen from Figure 6(b) and (c)
that both the maximum strain and applied force increase with
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Figure 6 (Color online) (a) Comparison of the force-applied strain re-
lationships of the freestanding interconnect between the analytic and ex-
perimental results; (b) curves of the non-dimensional maximum strains
versus the applied strains; (c) curves of the non-dimensional forces versus
the applied strains for the interconnects with 7 =4, 8, 12, and 16.

the applied strain, as one can expect. On the other hand, with
the increase of I, both the maximum strain and applied force
decrease, which indicates that higher stretchability and easier
stretching can be simultaneously accomplished by increasing
the lengths of straight segments of the interconnects.

4 Conclusions
The nonbuckling design offers a novel approach to stretch-

able electronics with high elastic stretchability, easiness for
encapsulation, and high electric performance. By compre-
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hensive analytic, numerical and experimental investigations,
the following conclusions are drawn.

(1) A significant finding is quantitatively revealed that
whether the nonbuckling interconnects win on stretchability
depends on the layouts.

(2) An important design strategy is proposed that long
straight segments and small arc radii for nonbuckling inter-
connects should be taken for highly stretchable electronics.

(3) The analysis of electric resistances suggests that, to
lower the resistances, shorter straight segments or thicker
interconnects are better. Therefore, optimization of the de-
signs needs to balance the requirements of both the me-
chanical and electric performances.

(4) An analytic finite deformation model is established,
and accurate mechanical behaviors are obtained for non-
buckling interconnects under stretching, which is of sig-
nificance for the design of nonbuckling-based stretchable
electronics.
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Appendix Validation of analytic configura-
tion solutions

To check the accuracy of the analytic model for the
interconnect configurations during stretching, we conducted
FEA with the ABAQUS software package [26], where the
linear beam element was adopted for a PI serpentine
interconnect with E=2.5 GPa, R=0.25 mm, =w=50 pum
(vielding /=5.208x10" mm®*), Z=1 mm, 2 mm, 3 mm, and
4 mm, respectively. Figure al(a)-(d) shows the deformation
configurations of a quarter period and Figure al(e)-(h)
shows those of a complete period, with I =4, 8, 12, and 16,
respectively. Three representative configurations during
stretching have been demonstrated for each case. It is
obvious that all the analytic results agree very well with
their counterparts from FEA.
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Figure al (Color online) Comparison of the configurations of stretched interconnects between the analytic model and FEM. (a)-(d) A quarter period of the
interconnects with [ =4, 8, 12, and 16; (e)-(h) a complete period of the interconnects corresponding to (a)-(d).
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