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Abstract: Metal interconnects with a vertical wavy structure have been studied to realize high-
density and low-electric-resistance stretchable interconnects. This study proposed a new method
for fabricating vertical wavy structured metal interconnects that comprises the pre-stretch method
and the micro-corrugation process. The pre-stretch method is a conventional method in which a
metal film is placed on a pre-stretched substrate, and a vertical wavy structure is formed using the
return force of the substrate. The micro-corrugation process is a recent method in which a metal
foil is bent vertically and continuously using micro-gears. In the proposed method, the pitch of the
vertical wavy structured interconnect fabricated using the micro-corrugation process is significantly
narrowed using the restoring force of the pre-stretched substrate, with stretchability improvement of
up to 165%, which is significantly higher than that of conventional vertical wavy structured metal
interconnects. The electrical resistance of the fabricated interconnect was low (120–160 mΩ) and
stable (±2 mΩ or less) until breakage by strain. In addition, the fabricated interconnect exhibits
durability of more than 6500 times in a 30% strain cycle test.

Keywords: stretchable interconnects; Cu foil; micro-corrugation process; pre-stretch method

1. Introduction

With the recent advancement of the Internet of things devices and sensors, there is a
high demand for devices attached to humans, and stretchable devices that can expand and
contract in response to human movement are required. For example, flexible displays [1],
skin sensors [2,3], and smart gloves [4–7] have been developed. Connecting electrical
components based on stretchable interconnects is one of the common ways to fabricate
stretchable devices because interconnects account for a large part of these devices. In
particular, stretchable interconnects with repeated stretchability of more than 30% are
required because the strain of the skin due to human motion is up to approximately 30%,
except in some areas where it varies greatly.

Several types of methods for fabricating stretchable interconnects have been reported,
such as stretchable conductive inks [8–10], nanostructured metal particles [11,12], liquid
metals [13], buckled structures [14,15], and two- or three-dimensional spring-like structured
metals [16–28]. The spring-like structured metal type has merit in electrical stability. The
wavy structure is one of the typical two- or three-dimensional spring-like structures, and
when processing metals in a wavy shape, two types of structures are possible: a horizontal
wavy structure in which a wave is formed in the in-plane direction of the substrate [16–22],
and a vertical wavy structure in which a wave is formed in the vertical direction of the
substrate [23–29]. A horizontal wavy structure is easy to process and exhibits a high
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stretchability of 100% or more [19,22]. However, to achieve high stretchability, a wide
interconnect of nearly 1 mm width is required, which increases the area occupied by the
interconnect. On the other hand, the vertical wavy structure can produce high-density
interconnections. However, the pre-stretch method, where a metal film is placed on a
pre-stretched substrate and a vertical wavy structure is formed using the return force
of the substrate [23,24], is the standard method for fabricating vertical wavy structures,
making it difficult to stably produce them. In addition, although the stretchability of
metal interconnects with a vertical wavy structure created using the pre-stretch method
was approximately 100% at the highest [24], the thin metal film was made thinner to
improve stretchability, which improved the electrical resistance (from several tens to several
hundreds of ohms).

In recent years, the micro-corrugation process, where micro-gears continuously bend
metal foils, has been proposed [29]. In the micro-corrugation process, the wave shape can be
controlled by the gear shape and the distance between the gears. Thus, stable vertical wavy
structure fabrication was achieved. On the other hand, the stretchability of interconnects
fabricated using the micro-corrugation process is approximately 60%, because the size of
the gear is large and the aspect ratio of the height and pitch of the wave cannot be increased.
To improve stretchability, the wave structure needs to be folded more, meaning that the
aspect ratio of the height and pitch of the wave should be increased.

This paper proposes a new method in which a metal film is bent in advance through the
micro-corrugation process and then attached to a pre-stretched substrate. In the proposed
method, the pitch of a vertical wave fabricated through the micro-corrugation process is
significantly narrowed by using the restoring force of the pre-stretched substrate, meaning
that the aspect ratio between the height and pitch of the wave is increased. In this study,
gears of different sizes were prepared to fabricate different wave shapes, and the improve-
ment due to pre-stretching was evaluated by varying the pre-stretch rate. Furthermore,
strain cycle tests were conducted to evaluate durability.

2. Experiment Method
2.1. Fabrication Method

Figure 1 shows the proposed fabrication method for stretchable interconnections with
vertical wavy structures fabricated by using the pre-stretch and micro-corrugation methods.
Cu foil and silicon rubber substrate were prepared, and a pair of gears continuously bent
the Cu foil to form a vertical wavy structure. The micro-corrugated Cu foil was bonded to
the pre-stretched silicone rubber substrate using silicone rubber as an adhesion layer, and
then the substrate was returned to its original length. Finally, the entire interconnect was
embedded in silicone rubber.
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Figure 1. The proposed fabrication method of stretchable interconnects with vertical wavy structure,
comprising the pre-stretch method and micro-corrugation process: (a) preparation of Cu foil and
silicon rubber substrate; (b) a pair of gears continuously bending Cu foil; (c) micro-corrugated Cu foil
is bonded and cured on the pre-stretched silicone rubber substrate; (d) the substrate is returned to its
original length; and (e) the entire interconnect is embedded in silicone rubber.
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In this study, three types of involute gears with modules 0.1, 0.15, and 0.2 were
prepared as gears for the micro-corrugation process to create and investigate different wave
shapes (aspect ratio, angle, height, etc.). The geometry of each gear is shown in Figure 2.
Note that the material and the gear pressure angle of module 0.1 are different from those of
modules 0.15 and 0.20 because of the difference in the machining method. The distance
between gears was optimized for each module; however, other conditions were unified
in this paper. Optimal conditions and the optimal module may change if the thickness or
width of the Cu foil is changed.
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(c) module 0.2.

The Cu foil with a film thickness of 5 µm was cut into 3 mm in width and 100 mm
in length. KE-1316 (Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) was the silicone rubber
used. The silicone rubber was cured by heating it at 70 ◦C for 30 min. Vacuum defoaming
was performed before curing. The initial thickness of the silicone rubber was 0.4 mm. The
percentage of pre-stretch ratio compared to the initial length (∆L/L0) was set to 0%, 25%,
50%, and 75%. The thickness of the sample after being embedded in the silicone rubber
was approximately 1 mm. Note that when a Cu foil with a film thickness of 10 µm was
used or when the pre-stretch ratio was set to more than 100%, the Cu foil peeled off from
the base silicone rubber, and the sample could not be fabricated.

2.2. Evaluation Method

The wavy structure after sample preparation was observed by cross-sectional scanning
electron microscopy (SEM, VHX-D510, Keyence Corp., Osaka, Japan). Stretchability was
evaluated using a tensile measurement machine (FTN1-13A, Aikoh Engineering Co., Ltd.,
Aichi, Japan) equipped with a load cell (Model-3020, Aikoh Engineering Co., Ltd., Aichi,
Japan) and a tensile test fixture. The tensile speed was set to 30 mm/min. A linear gauge
(GS-5100A, Ono Sokki Co., Ltd., Kanagawa, Japan) and a gauge counter (DG-2310, Ono
Sokki Co., Ltd., Kanagawa, Japan) were used to measure displacement during the tensile
test. Resistance was also measured with the four-terminal method using a source meter
(2400, Keithley Instruments Inc., Cleveland, OH, USA). Durability to repeated tensile strain
was evaluated by repeating the reciprocating tensile force up to a predetermined strain
using the above apparatus. The tensile and return speed was set to 300 mm/min.

3. Experiment Results
3.1. Fabricated Structure Observation and Prediction of Stretchability by Geometric Calculation

Examples of SEM cross-sectional images of the fabricated interconnects are shown in
Figure 3. Figure 3 shows that the proposed method succeeded in fabricating a continuous
wavy structure. Note that the minor structural damage observed in these SEM images
seems to be caused by the cutting process for preparing the SEM observation. Figure 3 also
shows that by incorporating the pre-stretch method into the proposed method, the wave
height remains the same, and only the wave pitch is narrowed compared to the sample
fabricated without the pre-stretch method. Stretchability can be predicted on the basis of
the shape of the wave by calculating the length of the wave based on geometric calculations.
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In previous studies, the following equation predicted stretchability, assuming that the wave
is a sine wave, as shown in Figure 4a [17,24,29].

S =
n ×

∫ p
0

√
1 +

(
πh
p cos πx

p

)2
dx

L
− 1, (1)

where S, p, and h represent the stretchability, pitch, and height of waves, respectively, and L
represents the length of the structure.
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On the other hand, Figure 3b shows that the wavy shape fabricated using the proposed
method is not a clean sine wave but a model, as shown in Figure 4b, consisting of a series
of circular arcs and a straight portion. Considering the geometric conditions for the wave
pitch p and height h, the following equation holds for the model in Figure 4b:

p = 4R sin θ + 2l cos θ, (2)

h = 2R(1 − cos θ) + l sin θ, (3)
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where R represents the radius of the arc, l represents the length of the linear portion, and θ
represents the angle between the linear portion and arc. The length L1 for one cycle in this
model is

L1 = 4Rθ + 2l, (4)

and the limit of stretchability S is calculated using the one cycle length L1 and the pitch p of
the wave as the following equation:

S =
L1 − p

p
, (5)

By transforming Equation (5) using Equations (2)–(4), the following equation can
be obtained:

S =
θ sin θ

1 − cos θ
+

2 sin θ − 2θ cos θ

1 − cos θ
a − 2, (6)

where a represents the aspect ratio (=h/p). Note that the angle θ and aspect ratio a need to
satisfy the following equation:

tan−1(2a) < θ < 2 tan−1(2a). (7)

A graphical representation of Equation (6) is shown in Figure 5. Although only the
effect of the aspect ratio a has been mentioned in the previous study, Figure 5 shows that
angle θ also contributes to stretchability in addition to aspect ratio a, especially in the case
of a large aspect ratio.
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Table 1 summarizes the parameters of wavy structures extracted from the SEM cross-
sectional images when using gears with a pitch of 0.1, 0.15, and 0.2 and pre-stretch ratios
of 0% and 75%, respectively. The prediction of the stretchability of each wavy structure
calculated by Equation (6) is shown in Figure 6. Figure 6 shows that the proposed method
is expected to improve stretchability by two times or more because of increased aspect ratio
a and angle θ.

3.2. Evaluation of Stretchability

Figure 7 shows an example of the stretchability evaluation of an interconnect fabricated
using the proposed method. In all samples, resistance was low, ranging from 120 to 160 mΩ,
and the resistance was stable with a change of less than ±2 mΩ until breakage by strain.
The stress at breakage was approximately 1.2 MPa. The pressure was calculated by dividing
the stress applied to the interconnect by the cross-sectional area of the entire interconnect,
representing the total cross-sectional area of the Cu foil and silicone rubber.



Micromachines 2022, 13, 1210 6 of 10

Table 1. The measured value of each wavy structure fabricated by micro-corrugation process and
with or without pre-stretch.

Gear
Module

Pre-Stretch Ratio
(∆L/L)

Pitch
(µm)

Height
(µm)

Aspect
Ratio θ (◦)

0.10
0% 300 120 0.40 58
75% 190 130 0.68 86

0.15
0% 470 240 0.49 70
75% 270 240 0.89 95

0.20
0% 600 310 0.52 70
75% 370 310 0.84 129

Micromachines 2022, 13, x FOR PEER REVIEW 6 of 10 
 

 

Table 1. The measured value of each wavy structure fabricated by micro-corrugation process and 
with or without pre-stretch. 

Gear 
Module 

Pre-Stretch Ratio 
(ΔL/L) 

Pitch 
(μm) 

Height 
(μm) 

Aspect 
Ratio θ (°) 

0.10 0% 300 120 0.40 58 
75% 190 130 0.68 86 

0.15 
0% 470 240 0.49 70 
75% 270 240 0.89 95 

0.20 0% 600 310 0.52 70 
75% 370 310 0.84 129 

 
Figure 6. Prediction of stretchability based on SEM observed value in changing the gear module 
and with or without pre-stretch. 

3.2. Evaluation of Stretchability 
Figure 7 shows an example of the stretchability evaluation of an interconnect fabri-

cated using the proposed method. In all samples, resistance was low, ranging from 120 to 
160 mΩ, and the resistance was stable with a change of less than ±2 mΩ until breakage by 
strain. The stress at breakage was approximately 1.2 MPa. The pressure was calculated by 
dividing the stress applied to the interconnect by the cross-sectional area of the entire in-
terconnect, representing the total cross-sectional area of the Cu foil and silicone rubber. 

 
Figure 7. Stretchability evaluation of interconnect fabricated using the proposed method. 

The results of stretchability S for each sample prepared with different gear types and 
pre-stretch ratios are shown in Figure 8. Figure 8 indicates that stretchability improves as 

Figure 6. Prediction of stretchability based on SEM observed value in changing the gear module and
with or without pre-stretch.

Micromachines 2022, 13, x FOR PEER REVIEW 6 of 10 
 

 

Table 1. The measured value of each wavy structure fabricated by micro-corrugation process and 
with or without pre-stretch. 

Gear 
Module 

Pre-Stretch Ratio 
(ΔL/L) 

Pitch 
(μm) 

Height 
(μm) 

Aspect 
Ratio θ (°) 

0.10 0% 300 120 0.40 58 
75% 190 130 0.68 86 

0.15 
0% 470 240 0.49 70 
75% 270 240 0.89 95 

0.20 0% 600 310 0.52 70 
75% 370 310 0.84 129 

 
Figure 6. Prediction of stretchability based on SEM observed value in changing the gear module 
and with or without pre-stretch. 

3.2. Evaluation of Stretchability 
Figure 7 shows an example of the stretchability evaluation of an interconnect fabri-

cated using the proposed method. In all samples, resistance was low, ranging from 120 to 
160 mΩ, and the resistance was stable with a change of less than ±2 mΩ until breakage by 
strain. The stress at breakage was approximately 1.2 MPa. The pressure was calculated by 
dividing the stress applied to the interconnect by the cross-sectional area of the entire in-
terconnect, representing the total cross-sectional area of the Cu foil and silicone rubber. 

 
Figure 7. Stretchability evaluation of interconnect fabricated using the proposed method. 

The results of stretchability S for each sample prepared with different gear types and 
pre-stretch ratios are shown in Figure 8. Figure 8 indicates that stretchability improves as 
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The results of stretchability S for each sample prepared with different gear types and
pre-stretch ratios are shown in Figure 8. Figure 8 indicates that stretchability improves as the
pre-stretch ratio increases for any gear type. When gears with module 0.15 or 0.2 were used
and the pre-stretch ratio was set to 75%, 165% stretchability was realized. The stretchability
of 165% is larger than the value predicted from the wave’s shape. This could be attributed
to the silicone rubber. Peeling between silicone rubber and metal interconnects effectively
improves stretchability [22]. Furthermore, thin Cu foil undergoes plastic deformation of
more than several percent under certain conditions [30], which may have improved the
stretchability of the interconnects.
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3.3. Cycle Test

The cycle test results with strain up to 30% for samples prepared using gears with
module 0.15 and a pre-stretch ratio of 0% or 75% are presented in Figure 9. The sample
with a 0% pre-stretched ratio failed after approximately 550 cycles, whereas the sample
with a 75% pre-stretched ratio exhibited a significant improvement, withstanding more
than 6500 cycles. This improvement seems to be achieved because of the improvement
in stretchability.

Micromachines 2022, 13, x FOR PEER REVIEW 7 of 10 
 

 

the pre-stretch ratio increases for any gear type. When gears with module 0.15 or 0.2 were 
used and the pre-stretch ratio was set to 75%, 165% stretchability was realized. The stretch-
ability of 165% is larger than the value predicted from the wave’s shape. This could be 
attributed to the silicone rubber. Peeling between silicone rubber and metal interconnects 
effectively improves stretchability [22]. Furthermore, thin Cu foil undergoes plastic defor-
mation of more than several percent under certain conditions [30], which may have im-
proved the stretchability of the interconnects. 

   
(a) (b) (c) 

Figure 8. Results of evaluation of stretchability S for each sample made with different types of gear 
and pre-stretch ratios: (a) gears with module 0.1, (b) gears with module 0.15, and (c) gears with 
module 0.2. 

3.3. Cycle Test 
The cycle test results with strain up to 30% for samples prepared using gears with 

module 0.15 and a pre-stretch ratio of 0% or 75% are presented in Figure 9. The sample 
with a 0% pre-stretched ratio failed after approximately 550 cycles, whereas the sample 
with a 75% pre-stretched ratio exhibited a significant improvement, withstanding more 
than 6500 cycles. This improvement seems to be achieved because of the improvement in 
stretchability. 

 
Figure 9. The result of the cycle test with strain up to 30% for samples prepared using gears with 
module 0.15 and a pre-stretch ratio of 0% or 75%. 

4. Discussion 
This paper proposes a new method in which a metal film is bent in advance through 

the micro-corrugation process and then attached to a pre-stretched substrate. The pro-
posed method has merit because after creating a stable vertical wavy structure using the 
micro-corrugation process, the wave’s pitch is expected to be significantly improved by 

Figure 9. The result of the cycle test with strain up to 30% for samples prepared using gears with
module 0.15 and a pre-stretch ratio of 0% or 75%.

4. Discussion

This paper proposes a new method in which a metal film is bent in advance through
the micro-corrugation process and then attached to a pre-stretched substrate. The proposed
method has merit because after creating a stable vertical wavy structure using the micro-
corrugation process, the wave’s pitch is expected to be significantly improved by the
restoring force of the pre-stretched substrate. Table 2 compares the proposed method
with previous studies on wavy structured metal interconnects. Table 2 shows that the
interconnect fabricated using the proposed method has the lowest resistance and the best
stretchability among other metal interconnects with a wavy structure.

On the other hand, although the proposed method significantly improved stretcha-
bility, the sample fabricated using it still failed after approximately 6500 cycles in the 30%
strain cycle test. Fabricating interconnects with higher stretchability and creating a structure
that prevents the concentration of stress are considered as effective approaches to increase
the number of cycles that samples can withstand during stretchability tests. For example,
there was a report in which a sample withstood more cycles than our sample by covering
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the Cu interconnects by polyimide, even though the report’s maximum stretchability was
lower than ours. In the previous study, Cu interconnects with a 100 µm width were covered
by polyimide with a 200 µm width, and cycle tensile tests were conducted at a rate of
10%/s [31]. Protecting the top and bottom of the Cu foil with another material also seems to
be an effective method for increasing the number of cycles that the interconnect fabricated
using the proposed method can withstand.

Table 2. Comparison between the proposed method and previous studies on wavy structured
metal interconnects.

Structure Fabrication
Method

Material
(Thickness)

Wave Shape Resistance
(Length)

Stretch
Ability AuthorsPitch Height

Horizontal
wavy

structure

Photolithography

Au (100 nm) 80 µm 40 µm - 54% Gray, D.S. et al.
(2004) [17]

Au (4 µm) 2 mm 1 mm 5.58 Ω
(30 mm) 72%

Brosteaux, D.
et al.

(2007) [16]

Au (4 µm) 500 µm 700 µm 2 Ω/cm 100%
Gonzalez, M.

et al.
(2008) [19]

Cu
(2 03BCm) 2.6 mm 2.25 mm - 135% Hsu, Y.-Y. et al.

(2010) [22]

Laser
patterning Al (50 µm) 1.2–4.8 mm 1.2–3.6 mm 183 mΩ

(30 mm) 70%
Marchiori, B.

et al.
(2018) [18]

Vertical
wavy

structure

Pre-stretch
method

Au (25 nm) 8.4 µm 1.2 µm 7.5 Ω
(4.6 mm) 28% Lacour, S.P. et al.

(2004) [23]

Au (20 nm) 8.4 µm 1.2 µm 316 mΩ
(25 mm) 100% Jones, J. et al.

(2004) [24]

Metal deposition
on

wavy structured
substrate

Ag (400 nm) 400 µm 200 µm 44 Ω
(20 mm) 50% Jeong, J. et al.

(2009) [26]

Micro-corrugation Cu (5 µm) 300–600 µm 300 µm - 60%
Yamamoto, M.

et al.
(2020) [29]

Micro-corrugation
and pre-stretch Cu (5 µm) 120–160 mΩ

(100 mm) 165% This work

5. Conclusions

In this study, we proposed a new method for fabricating vertical wavy structures that
comprises the pre-stretch method and the micro-corrugation process. The interconnect
fabricated using the proposed method exhibited a maximum of 165% stretchability, signifi-
cantly higher than that of the conventional vertical-wavy-structured metal interconnect.
The electrical resistance of the fabricated interconnect was low, ranging from 120 to 160 mΩ,
and the resistance was stable with a change of less than ±2 mΩ until breakage by strain.
Furthermore, the fabricated interconnect withstood more than 6500 cycles in a 30% strain
cycle test. The proposed method is expected to be useful for wiring stretchable devices.
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