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Abstract Using appropriate layout in the design of the

stretchable electronics is very important, since the opti-

mized layout is capable of making the electronic system

stretchable and maintaining the electrical performance and

structural reliability. In this paper, a unit cell model with

periodic boundary condition is proposed to investigate the

stretchability and optimize the structure of the stretchable

electronic systems with the 2D ‘‘horseshoe’’ layout. Unlike

the monotonous trends in the cases of the ‘‘wavy’’,

‘‘mesh’’, and 1D ‘‘horseshoe’’ layout, each impact factor

(metal wire thickness, metal wire width, eccentric angle)

has an optimized value for the stretchability to reach its

maximum. To comprehensively investigate the influence of

these impact factors on the stretchability, we employ the

response surface method and obtain the quadratic response

surface function to mathematically explore the relationship

between these impact factors and the stretchability of

interest. The response surface method proposes an optimal

design of the 2D ‘‘horseshoe’’ layout for the maximum

stretchability, which agrees well with the finite element

simulations results. The findings here provide a more

programmable scheme and can be useful in formulating

designs for the stretchable electronic systems.

Introduction

Compared with rigid, hard conventional electronic systems

in planar formats, stretchable electronic systems can be

stretched, compressed, bent, and deformed into arbitrary

shapes without electrical or mechanical failure in circuits

[1]. Therefore, stretchable electronic systems have many

important and emerging applications in new, soft and

curved bio-inspired areas, such as paper-like displays [2,

3], tunable electronic eye camera [4, 5], solar-cell devices

[6], ‘‘epidermal’’ electronics capable of mechanically

invisible integration on to the human skin [7], and even

surgical and diagnostic implements that naturally integrate

with the human body to provide advanced therapeutic

capabilities [8].

In the design of the stretchable electronic systems,

configuring structure into an appropriate shape to make the

electronic systems be stretchable instead of using intrinsic

stretchable materials is a good idea, since this approach can

make full use of the mature and cheap silicon technology in

conventional electronics. Several typical designs, such as

‘‘wavy’’ layouts [1, 9], ‘‘mesh’’, or ‘‘island-bridge’’ struc-

tures [10], are employed and greatly enhance the devel-

opment of the stretchable electronics. Recently, one-

dimensional (1D) ‘‘horseshoe’’ (Fig. 1a) and two-dimen-

sional (2D) ‘‘horseshoe’’ (Fig. 1c) [7] structures are pro-

posed and used in the stretchable electronics, since the

‘‘horseshoe’’ design allows large deformation and distrib-

utes strain in a wider region to resist the stress
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concentration and consequent earlier failure [11]. With the

1D ‘‘horseshoe’’ layout, as shown in Fig. 1a, Yu et al. [12]

described 2D and three-dimensional (3D) structures as

shown in Fig. 1b whose shape change is electronically

programmable and reversible. By using the 2D ‘‘horse-

shoe’’ layout as shown in Fig. 1c, Kim et al. [7] reported a

new stretchable epidermal electronic system as shown in

Fig. 1d, in which the electronic circuits, sensors, wireless

power units, and communication components are inte-

grated into ultrathin, low modulus, lightweight, stretchable

membranes that could be mounted onto the skin by van der

Waals interactions alone.

In the development of these designs and the stretchable

electronic systems, extensive mechanical analyses have

been carried out for the ‘‘wavy’’ layout and ‘‘mesh’’

structure [10, 13–19]. For example, Wang et al. [13]

studied the ‘‘wavy’’ layout and predicted the critical

thickness separating the global/local buckling modes in the

thin films embedded on the soft substrate. Song et al. [10]

and Su et al. [14] found that the stretchability of free-

standing interconnects in the ‘‘mesh’’ structure monoto-

nously increases with the decrease of the interconnect

thickness. For the 1D ‘‘horseshoe’’ layout, Gonzalez et al.

[11] carried out experiments and 3D FEM simulations and

reported that the strain in the metal wires bonded to the soft

substrate is significantly reduced by applying narrow

metallization schemes and setting eccentric angle to be 45�
instead of 0� and 30�. However, whether and how the

thickness, width, and eccentric angle of metal wire in 2D

‘‘horseshoe’’ layout affect the stretchability of the stretch-

able electronic system is still unclear, while the metal wire

is bonded to the elastomeric substrate as reported in the

stretchable epidermal electronic systems [7].

To enhance the stretchability without loss of the elec-

trical performance and structural reliability of the stretch-

able electronic systems in 2D ‘‘horseshoe’’ layout, such as

epidermal electronics, it is important to perform the

mechanical analysis and optimize the 2D ‘‘horseshoe’’

structure. It is noted that due to the coupling of bending and

twist of the curved wire and the interaction between the

metal wire and the bonded soft-substrate, it is almost

impossible to analyze such structure by the analytic method

for finite element analysis (FEA), challenge also exists

because of the hugeness of the whole model with amounts

of small ‘‘horseshoe’’ structures and the large aspect ratio of

metal wire. In this paper, we propose a unit cell model with

the periodic boundary condition constraints in the FEA to

study the stretchability of the stretchable system with 2D

‘‘horseshoe’’ layout. By using the unit cell model and

periodic boundary condition, the computational price can be

greatly reduced without loss of computational accuracy.

Simulation model

The unit cell model representing the modular structure of the

stretchable system with the 2D ‘‘horseshoe’’ layout is plot-

ted in Fig. 1e. Instead of commonly used cubic cell model

which yields distorted elements with sharp angles for the

irregular 2D ‘‘horseshoe’’ layout, the periodic cell model is

obtained by following the morphology of the metal wire

(marked in yellow) on the elastomeric substrate (marked in

Fig. 1 (Color online) ‘‘horseshoe’’ layout. a Representative 1D

‘‘horseshoe’’ layout and b 3D hydrogel structure in 1D ‘‘horseshoe’’

layout (Reprint permission from Yu et al. [12], Copyright 2012, John

Wiley and Sons). c Representative 2D ‘‘horseshoe’’ layout and

d epidermal electronic system in 2D ‘‘horseshoe’’ layout mounted on

the human forehead (Reprint permission from Kim et al. [7],

Copyright 2011, The American Association for the Advancement of

Science). e The unit cell model for the 2D ‘‘horseshoe’’ layout with

metal wires highlighted in yellow and soft substrate marked in light

blue
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light blue), while the boundaries of the periodic cell are along

the center line of the wire. The advantage of this unit cell model

is that it is easy to create a good mesh with sweep algorithm.

The morphology of the unit cell model in Fig. 1e is

characterized by the period length l, wire width w, wire

thickness t, and eccentric angle h. To avoid the overlap of

the adjacent wires, the geometrical limitation of the unit

cell model can be expressed as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 sec2 hþ 8ð1� tan hÞ
p

� 2 sec h� 4w

l
[ 0 ð1Þ

The ABAQUS finite element program [20] is adopted to

study the stretchability of the stretchable electronic system.

The metal wires with two layers, PI (EPI = 2.5 GPa, vPI =

0.34, hPI = 0.3 lm)/Au(EAu = 78 GPa, vAu = 0.44,

hAu = 0.3 lm), are modeled with S4R shell elements, the

elastomeric substrate (C10 = 0.08, C01 = 0.02, D1 = 2 for

Mooney–Rivlin hyperelastic model with SI unit,

hsubstrate = 1 mm) is characterized with C3D8R solid

elements. The displacement continuity between solid and

shell elements are realized by the share-node technology

instead of the time-consuming *Tie approach in ABAQUS.

To apply the periodic boundary condition, the meshes of the

two (left and bottom) faces of the periodic cell model were

copied to the corresponding opposite faces to achieve the

identical meshes, then each boundary node of the cell is tied to

the corresponding node of the imaginary neighboring unit cell

by using the *EQUATION approach in ABAQUS. The periodic

boundary condition for translation degrees can be defined as

ui;Bj;k
� ui;Aj;k

¼ ui;Bj;0
� ui;Aj;0

ði ¼ 1; 2; 3; j ¼ 1::N0; k ¼ 1::N1Þ
ui;Cj;m

� ui;Dj;m
¼ ui;Aj;0

� ui;Aj;N1

ði ¼ 1; 2; 3; j ¼ 1::N0; m ¼ 1::N2Þ

ð2Þ

where ui denotes the displacement of the corresponding

node along the i direction, j is the sequent number of the

mesh layers along the thickness direction, the total number

of the mesh layer is N0. k and N1 are the sequent number

and total number of the nodes at the left/right edges in the

same layer, respectively. m and N2 are the sequent number

and total number of the nodes on the top/bottom boundaries

in the same layer, respectively. To keep the continuity of

the rotation at the demarcations of the adjacent periodic

cell, the additional constraint for the periodic boundary

condition in the shell elements are defined as

hi;B1;k
� hi;A1;k

¼ 0 ði ¼ 1; 2; 3; k ¼ 0::N1Þ
hi;C1;m

� hi;D1;m
¼ 0 ði ¼ 1; 2; 3;m ¼ 1::N2Þ

hi;A1;0
� hi;A1;N1

¼ 0

ð3Þ

The tensile loads to stretch the periodic cell are

determined as

u1;A1;0
¼ u1;A1;N1

¼ 0; u1;B1;0
¼ uapp

u2;A1;0
¼ u2;B1;0

¼ 0

u3;A1;0
¼ u3;A1;N1

¼ u3;B1;0
¼ 0

ð4Þ

Results and discussion

To quantify the influence of the geometrical parameters in

2D ‘‘horseshoe’’ layout on the stretchability of the

stretchable electronic system, we define the stretchability

of the system as the applied strain when the maximum

strain of the gold layer in the system reaches its fracture

strain, namely *1 % [21].

The influence of the scaled wire thickness t/l on the

stretchability is plotted in Fig. 2, while w/l is 0.05 and h is

equal to 0. The deformed shape of the unit cell model is

plotted below the strain contour of the metal wire. Being

different from the free-standing interconnects case [10, 14],

of which the maximum strain is proportional to the thick-

ness and the stretchability monotonously increases with the

decrease of the thickness of the metal wire, the stretch-

ability of the stretchable electronic systems in 2D ‘‘horse-

shoe’’ layout mounted on the soft-substrate increases first

and then decreases, which suggests an optimal wire

thickness for the maximum stretchability. The snapshots in

Fig. 2 show that when the scaled wire thickness is lower

than 1e-4, the 2D ‘‘horseshoe’’ structure forms a local

buckling mode with small wave lengths in wires. On the

contrary, the global buckling mode dominates the defor-

mation of the wires when the scaled thickness is larger than

1e-4. Figure 2 also reveals that the stretchability of the

system is larger than 5 % (16 % in some case), while the

Fig. 2 The stretchability of the stretchable electronic systems in 2D

‘‘horseshoe’’ layout as a function of the scaled wire thickness. The

strain contours of metal wire and deformed shapes of the unit cell

model with different metal wire thickness are illustrated, the

magnified views show the local/global buckling modes
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maximum strain in gold layer is only 1 %, indicating that

the 2D ‘‘horseshoe’’ layout brings the enhancement of the

stretchability. It is observed that when the global buckling

mode appears, the enhancement of stretchability is mostly

resulted by the out-plane deformation. When the local

buckling mode occurs, the out-plane deformation is not

dominant, the curves along the tensile direction tend to

deform into straight lines, the shape transition between the

curve and straight line invokes the enhancement of the

stretchability. The competition between two different

deformation mechanisms (global/local buckling modes)

with different stretchability enhancement strategies (out-

plane deformation/shape transition) proposes an optimal

scaled wire thickness as 1e-4 for the stretchability of the

structure to reach its maximum.

The influences of the scaled wire width w/l and eccentric

angle h on the stretchability are shown in Figs. 3 and 4,

respectively, while the scale wire thickness is set to be 1e-

4. The trends are different from the prediction of Gonzalez

et al. [11] for the 1D ‘‘horseshoe’’ layout, in which

Gonzalez et al. stated that the strain in metal wires with 1D

‘‘horseshoe’’ layout bonded to the soft-substrate is signifi-

cantly reduced by applying narrow metallization schemes

and setting eccentric angle to be 45�. On the contrary, for

the 2D ‘‘horseshoe’’ structure embedded in the soft sub-

strate, it is revealed in Fig. 3 that the stretchability exhibits

a maximum at a scaled wire width 0.075, and does not

monotonously increase with the decrease of wire width as

in the 1D ‘‘horseshoe’’ case. Also, Fig. 4 shows that the

maximum stretchability occurs at the angle 5.7�, not the

45� for the 1D ‘‘horseshoe’’ layout. It is also observed that

for the fixed scaled thickness 1e-4, the periodic cell has

the local buckling mode, indicating that the shape transi-

tion dominates the enhancement of stretchability. But with

different wire width and angle, the maximum strain (1 %)

occurs in different positions, such as for the width larger

than 0.075 or angle lower than 5.7�, the maximum strain

appears in the crest and trough of the curved wires along

the tensile direction, otherwise, the maximum strain occurs

around the corners as shown in Figs. 3 and 4. For the local

buckling mode, the curves along the tensile direction tend

to deform into straight lines, the larger curve length yields

the better stretchability and resists the earlier appearance of

the maximum strain. It is noted that the failure of a

structure is determined by its weakest segment; thus, the

curve length determining the stretchability is referred as the

length of the interior edge of the curve along the tensile

direction. With the increase of the wire-width and the

decrease of angle, the curve length decreases and this

suggests that the enhancement brought by the shape tran-

sition is weaker and the maximum strain will appears in the

crest and trough of the curves along the tensile direction.

On the contrary, with the decrease of the wire width and

the increase of angle, the curve length increases, and this

suggests that the enhancement of the shape transition is

stronger. But unlike the free ends of the 1D ‘‘horseshoe’’

layout, the curves along the tensile direction are con-

strained by the neighboring curves normal to the tensile

direction. Before a full shape transition and the occurrence

of maximum strain in the crest and trough of the curves, the

constraint from neighboring curves starts to take effect and

results in the rotation of the joint corner and the occurrence

of the maximum strain near the joint corner. Since the

enhancement of the shape transition is stronger with larger

angle and narrower wire, the stretchability is prone to be

larger with smaller width and larger angle. For example, the

stretchabilities are 11.26 and 15.38 % for angle 26.6� and

the scaled wire width 0.025, respectively. While the

stretchability are only 1.5 and 2.4 % for angle -63.5� and

the scaled wire width 0.25. But as aforementioned, due to

the constraint from the neighboring curves, the influence of

the angle and wire width on the stretchability is not

monotonous as in the 1D ‘‘horseshoe’’ case, the competition

between the shape-transition and the rotation of the joint

Fig. 3 The stretchability as a function of the scaled wire width Fig. 4 The stretchability as a function of the eccentric angle
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corner propose the optimal angle (5.7�) and scaled wire

width (0.075) for the stretchability to reach its maximum.

To comprehensively investigate the influence of the afore-

mentioned impact factors and their interactions on the

stretchability of the stretchable electronic systems with 2D

‘‘horseshoe’’ layout and to find an optimal design of 2D

‘‘horseshoe’’ layout which makes the stretchable electronic

systems achieve its greatest stretchability, the response surface

method (RSM) [22] is employed in this paper. RSM uses the

response surface function (RSF) to mathematically explore the

relationship between impact variables and response variables

of interest and estimate an optimal response in statistics

without acknowledging the mechanism or process. The

unknown coefficients in RSF are obtained from discrete

evaluations based on a sequence of designed experiments.

The impact factors and levels of RSM for the stretchable

electronic systems with 2D ‘‘horseshoe’’ layout are

described in Table 1. The 3-factor Box–Behnken design

was utilized with a sequence of numerical experiments

(data not shown), the quadratic RSF regressed by discrete

evaluation is

Stretchability ¼ 0:2þ 0:049 lg
t

l

� �

� 0:00525
w

l
þ 0:024h

þ 0:001312 lg
t

l

� �w

l
þ 0:035 lg

t

l

� �

h

þ 0:006563
w

l
h� 0:042 lg

t

l

� �� �2

� 0:022
w

l

� �2

�0:007237h2 ð5Þ

It is noted that the ‘‘Prob [ F’’ value for the regressed

quadratic response surface model is 0.23 %, which is less

than 0.05, indicating that the model term is significant. It is

also found that the lack-of-fit term is not significant. Thus,

the regressed RSF agrees well with the discrete results in

the Box–Behnken designed experiment and effectively

models the relationship between impact factors and

stretchability. It is revealed in Eq. 5 that lg(t/l), h, lg t=lð Þh
and lg t=lð Þð Þ2 are significant model terms, implying that

the wire thickness t, eccentric angle h dominate the

stretchability. With the expression of RSF known, the

optimum stretchability of the stretchable electronic system

is predicted as 26.03 %, the coded values of impact vari-

ables are (0.99, 0.06, 1), corresponding to the actual wire

thickness, wire width, angle as (0. 495 lm, 0.153 mm,

15�). With these parameters, we carried out FEA simula-

tions and obtained the stretchability as 27.35 % with only

*5 % error when compared with the optimal stretchability

predicted by RSM.

It is also observed in Figs. 2, 3, and 4 that the stretch-

ability of the stretchable electronic systems with PI/Au/PI

composite layout in metal wire are close to that of the

system with PI/Au composite layout, implying that locating

the electronic devices in neutral plane has no remarkable

enhancement for the stretchability, since the bending of the

electronic devices normal to its thickness direction is not

dominant in the stretch of the stretchable electronic system

with 2D ‘‘horseshoe’’ layout.

Conclusion

In summary, we proposed a unit cell model to represent the

stretchable epidermal electronic system with the 2D

‘‘horseshoe’’ layout and performed the FEA to study the

influence of wire-thickness t, wire-width w, and angle h on

the stretchability of the system. It is found that the influ-

ence of geometrical dimension on the stretchability for the

system with 2D ‘‘horseshoe’’ layout is different from the

monotonous trends for ‘‘wavy’’, ‘‘mesh’’, and 1D ‘‘horse-

shoe’’ structures. The competition of mechanisms (global/

local buckling mode, out-plane deformation/shape-transi-

tion/rotation of joint corner) suggests the optimal t, w, and

h to realize the maximum stretchability. The RSM is also

employed to estimate the optimal 2D ‘‘horseshoe’’ layout,

which makes the stretchable electronic system have the

maximum stretchability. The findings in the paper not only

suggest the optimal sizes for the best stretchability, but also

provide a programmable scheme for designing stretchable

electronic systems with better mechanical performance.
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