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A STRETCHABLE INTERCONNECT STRUCTURE AND METHOD OF FABRICATING
THE SAME

FIELD OF INVENTION

The present invention relates broadly to a stretchable interconnect structure and method of
fabricating the same.

BACKGROUND

Any mention and/or discussion of prior art throughout the specification should not be
considered, in any way, as an admission that this prior art is well known or forms part of
common general knowledge in the field.

Since the turn of the millennium, the field of stretchable electronics has grown tremendously
with the rapid adoption of digital technologies and increasing demand for ubiquitous
electronics. To meet the demand, electronic devices are beginning to shift from rigid structures
to stretchable formats to allow electronic devices to conform better to the human body [1], with
various applications in epidermal electronic devices [2], biomedical engineering [3.4],
healthcare monitoring [5-8], soft robotics [9-12], electronic skins [13—15] and human-machine
interfaces [16]. The development in stretchable electronics was further propelled by the swift
development of low-dimensional nanomaterials and material processing techniques during the
past decades. Compared with the conventional rigid printed circuit boards, the stretchable
counterparts demonstrate the ability to bend, twist, and stretch by having soft elastomeric
materials as their substrates.

Electrical conductors and conductive interconnects are crucial to the development of
stretchable electronic circuits. Several strategies have been investigated for creating stretchable
conductors [17-21]. Composites made using nanomaterials show excellent potential as
stretchable conductors because they provide both mechanical stretchability and electrical
conductivity. Many research efforts have shown that nanomaterials such as carbon nanotubes
(CNT) [22-24] and silver nanowires (AgNWs) [25-27] can be dispersed into or coated onto
elastomeric substrate as stretchable conductors. They can also be printed onto polymer
substrate as stretchable interconnects [28]. Stable integrity and conductivity performance can
be achieved by introducing different structural designs such as network [29], wavy [23,30],
buckled [31-33], kirigami [34] and origami [35]. However, challenges remain in developing
stretchable conductors: (i) conductivity tends to decrease with increased strain; (ii) relatively
low conductivities are exhibited (~10° S/cm), compared with the conventional rigid metal
interconnects (~10° S/cm).

US6743982B2 describes a stretchable interconnect for electrically connecting electronic
devices comprises a photolithographically patterned conductor extending between two of said
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devices for electrically coupling a contact of one device to a contact of another device. The
stretchable interconnect preferably comprises a coiled conductor. The coiled conductor is
formed of a metal or alloy having a stress gradient extending through a thickness of said
conductor. However, the stretchability from a pure stress gradient is limited and may be
applicable only to larger scale dimensioned applications. Furthermore, the process of
fabrication with the stress gradient extending though the thickness of the conductor is complex.

Embodiments of the present invention seek to address at least one of the above problems.

SUMMARY

In accordance with a first aspect of the present invention, there is provided a stretchable
interconnect structure for electrically connecting electronic devices, the stretchable
interconnect structure comprising an electrically conductive wire having a 3-dimensional
helical form, the electrically conductive wire being embedded in a substrate made from an
elastic material.

In accordance with a second aspect of the present invention, there is provided a method of
fabricating a stretchable interconnect structure for electrically connecting electronic devices,
the method comprising the steps of:

providing an electrically conductive wire having a 3-dimensional helical form; and

embedding the electrically conductive wire being in a substrate made from an elastic
material.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better understood and readily apparent to one of ordinary
skill in the art from the following written description, by way of example only, and in
conjunction with the drawings, in which:

Figure 1(a) shows a schematic diagram illustrating 3D helix-structured micro-interconnects
embedded in a polymer substrate (eHelix-Cu) according to example embodiments connecting
multiple electronic components.

Figure 1(b) shows schematic diagrams illustrating the fabrication process of a stretchable
interconnect structure according to an example embodiment.

Figure 1(c) shows a schematic diagram illustrating parameters for theoretical analysis of a 3D
helix-structured micro-interconnect embedded in a polymer substrate (eHelix-Cu) according to
an example embodiment.
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Figure 2(a) shows photographs (left) and simulation results (right) of Helix-Cu being stretched
to 100% strain and partially returned.

Figure 2(b) shows photographs (left) and simulation results (right) showing the eHelix-Cu
(embedded using Ecoflex 00-50) according to an example embodiment being stretched to
100% strain and completely return to its original dimensions.

Figure 3(a) shows a graph illustrating a comparison of stress versus strain of eHelix-Cu
interconnects embedded in Ecoflex 00-50 (i), Ecoflex 00-30 (ii), and Ecoflex 00-10 (iii),
according to respective example embodiments.

Figure 3(b) shows photographs of (i) deformation of eHelix-Cu interconnects embedded in
Ecoflex 00-50 according to an example embodiment after returning from strain 170%; (ii)
deformation of eHelix-Cu interconnects embedded in Ecoflex 00-30 according to an example
embodiment after returning from strain 140%; (iii) deformation of eHelix-Cu interconnects
embedded in Ecoflex 00-10 according to an example embodiment after returning from strain
80%.

Figure 3(c) shows a graph illustrating a comparison of stress versus strain of single Ecoflex
series and eHelix-Cu interconnects embedded in Ecoflex series, according to example
embodiments.

Figure 4(a) shows a graph and photographs illustrating conductivity versus strain for one cycle
of stretching and return of an eHelix-Cu interconnect according to an example embodiment.

Figure 4(b) shows a graph illustrating a comparison of conductivity and maximum strain of
eHelix-Cu according to an example embodiment vs reported stretchable conductors.

Figure 4(c) shows a graph and photographs illustrating the durability of the eHelix-Cu
(embedded in Ecoflex 00-50) according to an example embodiment in cyclic tests with
different strain limits, namely 50%, 100%, and 150%.

Figure 4(d) shows the I-V characteristic curves under different strains in a stretch cycle (to
150% strain) for a light emitting device (LED) according to an example embodiment.

Figure 4(e) shows pictures of the sample used for the measurements in Figure 4(e) being
stretched at different strains of 0%, 50%, 100% and 150%.

Figure 5 shows a graph showing that the maximum geometrical strain ratios of helical structure
can be changed by varying the diameter and pitch of the Helix-Cu for use in example
embodiments.

Figure 6 shows a graph illustrating the mechanical performance (hysteresis curve) of eHelix-
Cu interconnect embedded in Ecoflex 00-50 according to an example embodiment, with 100%
stretching strain at 1st, 10th, 100th and 1000th cycle.
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Figure 7 shows a flow-chart illustrating a method of fabricating a stretchable interconnect
structure for electrically connecting electronic devices according to an example embodiment.

DETAILED DESCRIPTION

Embodiments of the present invention can provide an interfacial design to enable stretchable
conductors with ultra-high conductivity and robustness to strain using three-dimensional (3D)
helical micro-interconnects embedded in an elastic rubber substrate.

Stretchable conductors are critical building blocks for enabling new forms of wearable and
curvilinear electronics. Embodiments of the present invention can provide an interfacial design
to enable stretchable conductors with ultra-high conductivity and robustness to high strain
(preferably >100%) using, in an example embodiment, three-dimensional (3D) helical copper
micro-interconnects embedded in an elastic rubber substrate (eHelix-Cu). The interfacial
mechanics of the metal-elastomer according to example embodiments was studied to
demonstrate highly reversible conductivities with strains. The stretchable eHelix-Cu
interconnect according to an example embodiment has an ultra-high conductivity (~10° S cm”
1) that remains almost invariant when stretched to 170%, which is significantly higher than
other approaches using nanomaterials. The stretchable conductors according to example
embodiments can withstand strains of 100% for thousands of cycles, demonstrating remarkable
durability for exciting potential wearable electronic applications.

In order to achieve high conductivity with high strain-invariance, embodiments of the present
invention provide 3D micro-interconnects in helical form factors. In an example embodiment
shown in Figure 1(a), a helical-shaped metal wires e.g. 100, 102 as interconnects between
electrical components e.g. 104-106 are embedded in a stretchable polymer substrate 108,
constituting a device 109 according to an example embodiment. Embodiments of the present
invention aim to address the two main challenges in meeting the requirements of high
conductivity and stretchability in stretchable interconnects.

Fabrication process according to example embodiments

The fabrication process of the stretchable interconnects according to an example embodiment
is shown in Figure 1(b), using off-the-shelf enameled copper wire 110. The wire is first formed
into a 3D helical form (referred to as ‘Helix-Cu’) 112, before it is encapsulated into silicone-
based elastomers as will be described in more detail below.

The off-the-shelf enameled copper wire 110 has an ultra-high conductivity of 5.8-5.9x10° S

cm! according to its data sheet, which is two orders of magnitude higher than metallic
nanowires such as AgNWs. The wire 110 is first formed into a 3D helical form 112, as
mentioned above. The method used to form the Helix-Cu 112 according to example

embodiments is facile, and akin to spring winding, i.e. a method used to wrap a wire at a certain
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speed around a moving rod [36]. The dimensions of the Helix-Cu 112 according to example
embodiments studied herein are 10 mm in length, 0.85 (£0.01) mm in diameter, with 10
numbers of active coils and 1 mm pitch.

The Helix-Cu 112 is encapsulated into silicone-based elastomers according to example
embodiments to enhance its elasticity, i.e., ability to return to its original shape. Without the
silicone elastomer, the Helix-Cu 112 is unable to stretch clastically. Due to the significant
differences in moduli between the Helix-Cu 112 and the elastomer, interfaces between the
Helix-Cu 112 and the silicone substrate 114 tend to slip and delaminate while stretching. In
order to strengthen their bonding strength, the Helix-Cu 112 is preferable surface treated, in
one embodiment dip-coated as indicated as numeral 116, before encapsulating it in the silicone-
based elastomer. It is noted, however, that the ability to return to its original shape and to
substantially maintain its conductivity is not limited to having the surface treated, e.g. by way
of an adhesive. That is, the 3D helical wire can be directly encapsulated in the elastomer in
different example embodiments.

In one embodiment a silicone adhesive (Sil-Poxy™), a single component adhesive explicitly
made for bonding between silicones and between silicone to another substrates including
polymers, ceramics, fabrics, etc., is used for the surface treatment. Because the enameled
copper wire 110 used in the example embodiment has a polyurethane insulation layer, the
silicone adhesive advantageously provides relatively flexible and robust bonding between the
enameled copper wire 110 and the silicone substrate 114. To preferably ensure a uniform
coating onto the copper wire’s 112 surface, dichloromethane (DCM) was used to dilute the
silicone adhesive before coating. The Helix-Cu 112 was dipped into a 5 wt% of silicone
adhesive (5 grams of the silicone adhesive in a total volume of 100 mL solution) for 2 seconds.
After few seconds when the DCM evaporated after the dipping, the silicone adhesive was
coated onto the surface of the Helix-Cu, yielding an adhesive coated Helix-Cu 118 uniformly.
The coated Helix-Cu 118 was then placed into a mold 120 (12 mm in length, 8 mm in width,
and 3 mm in thickness) that was pre-treated on its surface with silane (Sigmacote®) for an
effortless removal of the polymer substrate 114 from the mold 120 later on. Uncured silicone
(Ecoflex™ mixed in 1A:1B by weight) was poured into the mold and subsequently cured,
indicated at numeral 122 for 4 hours at room temperature or put in an oven at a temperature of
about 70°C degrees for about 15 minutes, and subsequently removed from the mold 120,
yielding an interconnect 124. An image 126 of the fabricated elastic helical copper interconnect
124, referred to as ‘eHelix-Cu’, after removing from the mold 120 is also shown in FIG. 1(b).

With reference to Figure 1(c), the structure of helix shape 128 for the wire in accordance with
example embodiments can be designed by changing the geometric parameters based on the
following equation (1):

o ymidepEept
n= = .

ey
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where n denotes geometric ratio, d denotes a wire cross-section diameter, D denotes helix
structure diameter, and P denotes helix structure pitch.

Simulation study for example embodiments

A simulation study for example embodiments is illustrated in Figures 2(a) and (b). It was found
that when the enameled copper wire 200 without substrate is stretched beyond 15%, it is not
able to return to its original shape, as shown in Figure 2(a). Once the strain is beyond 15%,
every element of the enameled copper wire 200 enters its plastic deformation range and cannot
completely recover its original shape. On the other hand, embedding the winded enameled
copper wire 200 into a stretchable polymer substrate 202 according to example embodiments,
the whole composite can be stretched to 100% strain and then recover to its original shape after
being released, by the support of the encapsulating polymer substrate as shown in Figure 2(b).
The experimental result is in good agreement with the simulation results shown on the right
side of Figures 2(a) and (b), where the enameled copper wire 200 embedded in the substrate
202 (together referred to as eHelix-Cu) can sustain much larger strains than the wire itself. The
whole composite can be stretched and return entirely within 100% strain range.

In more detail, Sample images of the enameled copper wire 200 by itself (also referred to as
Helix-Cu) are shown in Figure 2(a). Based on its geometrical specifications, if the enameled
copper wire 200 1is fully stretched until perfectly straight, the length of the straight wire is 2.7
times longer than the unstretched wire. In other words, the maximum geometrical strain of the
Helix-Cu 200 is 170%. However, Helix-Cu cannot be stretched to 170% strain and then return
entirely by itself. Simulation (Abaqus2016/CAE) of the stretching performance of the Helix-
Cu 200 is also shown in FIG. 2(a). A finite element analysis (FEA) model was made using the
geometrical specifications mentioned above. The material properties used in this study were:
density 8.9 g/cm®, Young’s modulus 117 GPa, Poisson’s ratio 0.34 and ultimate tensile strength
(UTS) 148 MPa according to the datasheet. It was found that when the Helix-Cu 200 is
stretched beyond 15%, it is not able to return to its original shape. Once the strain is beyond
15%, every element of the Helix-Cu enters its plastic deformation range and cannot completely
recover its original shape.

To enhance the stretchability of the Helix-Cu, eHelix-Cu according to an example
embodiments was fabricated by embedding the winded enameled copper wire 200 into a
stretchable polymer substrate 202 shown in Figure 2(b). A model of the eHelix-Cu was built
up in simulation and is also shown in Figure 2(b). The Mooney-Rivlin model was used, one of
the available hyperelastic models, to describe the material behavior of silicone Ecoflex. Two
parameters in the Mooney-Rivlin model: Co1=10410.8Pa, C10=21362Pa were used as in [37].
Figure 2(b) shows that the model of eHelix-Cu can be stretched to 100% strain as indicated at
numeral 206 and then recover to its original shape after being released, by the support of the
encapsulating polymer substrate 202, as indicated at numeral 208. The experimental result as
illustrated in the sample images shown in Figure 2(b) is in good agreement with the simulation
results, where the eHelix-Cu can sustain much larger strains than Helix-Cu 200 by itself.

Mechanical result and analysis for example embodiments
6
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It was found that when embedded in different elastomer substrates, eHelix-Cu according to
example embodiments could extend and then return with different values of maximum strain
without causing plastic deformation, as shown in Figures 3(a) and (b). As shown in Figure
3(b)(iii), when using the softest Ecoflex 00-10, eHelix-Cu could be stretched to within 80%
strain and completely recovered without structural deformation. Beyond 80% strain, out-of-
plane deformation occurred in the middle part of helix interconnects, and the whole
interconnects remained wrinkled. For Ecoflex 00-30, which is slightly stiffer than Ecoflex 00-
10, the maximum strain limit of the eHelix-Cu without structural deformation reached up to
140% strain as shown in Figure 3(b)(ii). On the other hand, when embedded in the stiffest
material among Ecoflex series -- Ecoflex 00-50, there was no structural deformation in eHelix-
Cu even after being stretched and released from its maximum geometrical strain limit (170%,
as discussed above) as can be seen from Figure 3(b)(1). Therefore, different substrate materials
with various Young’s moduli affect the stretching performance of the eHelix-Cu. Figure 3(a)
shows the stress-strain curves (301-303) of the respective Ecoflex series materials according
to example embodiment for their respective maximum strain during stretching and releasing
without plastic deformation. At the same strain ratio, Ecoflex 00-50 (curve 303) experienced
larger stress than the other materials, which also means that it can provide more force to pull
the eHelix-Cu interconnects back to their original position after stretching. Since the interfacial
bonding between the Helix-Cu’s surface and polymer substrate is strong enough to prevent
delamination, Ecoflex 00-50 as a polymer substrate can advantageously support the eHelix-Cu
according to an example embodiment to function as stretchable interconnects within its
maximum geometrical strain limit of 170%.

In more detail, to study the mechanical performance of the eHelix-Cu according to example
embodiments embedded in different polymer substrate materials, we chose Ecoflex 00-10,
Ecoflex 00-30, and Ecoflex 00-50. These materials vary in their tensile strength and elongation,
as shown in Table I. The eHelix-Cu samples according to example embodiments with different
embedding substrate materials were fabricated with the same method described above with
reference to Figure 1(b). For the uniaxial tensile tests, the sample was clamped and then
stretched by using a linear translation stage (Newmark Systems) at 5% strain rate and 0.5 mm/s
speed. The maximum geometrical strain limit for the enameled copper wire (i.e. Helix-Cu)
used was calculated to be around 170%, as described above. Hence, the tensile performance
was analyzed within 170% strain due to the geometrical limitations.
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Substrate Tensile Strength Max Strain w defreming Break of Elongation
material (MPA) {98} (5%}

Maone - 15% {by sunulstiom} -
Ecoflex™ 00-10 083 80% RE Y
Eroflex™ §3-30 138 140% 450%
Ecoflex™ 0050 2 =1% S

Table I

With referenced to Table I, with an increasing tensile strength of the substrate material, eHelix-
Cu according to example embodiments can reach larger strain limit without permanent
deformation that might deteriorate its function and durability. Moreover, stress versus strain of
each of the Ecoflex™ series materials and eHelix-Cu interconnects embedded in the respective
Ecoflex™ series materials was also compared, as shown in Figure 3(c). It was found that
stretching performances are very similar, compare curves 310 and 311 (Ecoflex™ 00-10 with
and without Helix-C, respectively, curves 312 and 313 (Ecoflex™ (00-30 with and without
Helix-Cu, respectively, and curves 314 and 315 (Ecoflex™ 00-50 with and without Helix-Cu,
respectively. For releasing, the stress versus strain curve of eHelix-Cu decreases more than
Ecoflex™ itself, compare again curves 310 and 311 (Ecoflex™ (00-10 with and without Helix-
Cu, respectively, curves 312 and 313 (Ecoflex™ (00-30 with and without Helix-C, respectively,
and curves 314 and 315 (Ecoflex™ 00-50 with and without Helix-Cu, respectively. This is
believed to be because of more energy loss caused by possible Helix-Cu plastic deformations
and friction with Ecoflex™ during releasing.

Electrical result and analysis for example embodiments

The electrical conductivities with the change in strains of eHelix-Cu samples embedded in
Ecoflex 00-50 substrate according to example embodiments was also characterized. As can be
seen in Figure 4(a), within one round of stretching and releasing of the sample, it was found
that the conductivity of eHelix-Cu did not change as it was stretched to 170% strain and then
returned to its original length. The images 401-404 of the sample at different strain positions
(0%, 50%, 100%, 150%, respectively) are also shown in Figure 4(a). It is noted that in the
graph, conductivity of the wire remains almost the same while stretching. The stretching and
releasing curves thus appear coincident in Figure 4(a).

The conductivities vs strains of eHelix-Cu according to an example embodiment were also
compared with other stretchable conductors reported in the literature [20,38,39,40,23,41,42] in
Figure 4(b). The eHelix-Cu according to an example embodiment (point 406) shows significant
advantage in terms of electrical conductivity. For example, by using various conductive nano-
fillers into polymer substrate, conductivities (~10° S/cm, compare the other points shown in
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the graph in Figure 4(b)) are hundred times lower than achieved compared to that the metal
wire (~10° S/cm) used in example embodiments, whereas the eHelix-Cu according to an
example embodiment (point 406) achieved about 5.9x10° S/cm. In addition, the eHelix-Cu
according to an example embodiment (point 406) was able to reach 170% maximum strain
ratio, which is highly competitive in comparison to prior works, compare the other points
shown in the graph in Figure 4(b). It is noted again that the maximum strain ratio for example
embodiments can further be improved by changing the geometric parameters of eHelix-Cu
structures based on equation (1) above.

By calculation, it is possible to design the maximum geometrical ratio of the helical structure
used in example embodiments by changing the diameter and pitch of the helical structure.
Theoretically, the maximum strain of the helix structure can reach more than 1000%, as shown
in Figure 5, curves 501-505, which is far beyond the maximum strain ratio of the substrate
material in this embodiment, Ecoflex 00-50, itself (500%). It is noted that the same elastomeric
substrate can be used in such embodiments if one increases its geometrical maximum strain
ratio by structure design. The resistance will increase if one increases the geometrical
maximum strain ratio (because the total length of the wire increases), as will be appreciated by
a person skilled in the art. Alternatively or additionally, different substrate materials may be
used in different embodiments.

Cyclic result and analysis for example embodiments

To analyze the durability of the eHelix-Cu according to an example embodiment (embedded
in Ecoflex 00-50), cyclic tests with different strain limits, such as 50%, 100%, and 150% were
performed and the results are shown in Figure 4(c). For 50% and 100% strain limit (points 408
and 410, respectively), the samples can be stretched to 1000 cycles without damage. Images
411 and 412 in Figure 4(c) show that the samples remain intact after 1000 cycles of stretching.
For 150% strain (point 414, image 416), the micro-interconnects broke within 100 cycles of
stretching and releasing. Thus, within 100% strain, the eHelix-Cu interconnects according to
an example embodiment have outstanding durability over 1000 cycles. It is noted again that
various structural designs of eHelix-Cu according to different embodiments may be
incorporated by tuning parameters of the helical structure such as length, pitch, and diameter
to further improve the strain performance.

Stress versus strain curves 601-604 of eHelix-Cu interconnects embedded in Ecoflex™ 00-50
according to an example embodiment with 100% stretching strain at 1st, 10th, 100th and
1000th cycle, respectively, were measured and are shown in Figure 6. As can be seen from the
curves 601-604, the mechanical performance of eHelix-Cu according to an example
embodiment is very stable within 1000 cycles of stretching.

Application demonstration according to example embodiments

With reference to Figures 4(e), a sample device 420 of an LED 422 connected to eHelix-Cu
interconnects 424, 426 (all embedded in Ecoflex™ 00-50 according to this example
embodiment) was fabricated to illustrate an example of how to use the eHelix-Cu according to
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example embodiments as interconnects for stretchable electronics. The I-V characteristic
curves under different strains were identical in a cycle of stretch (to 150% strain), as shown in
Figure 4(d). Returning to Figure 4(e), images 428-431 of the sample device 420 being stretched
are shown at the different strains of 0%, 50%, 100% and 150%, respectively. Notably, the
intensity of LED 422 did not change because the conductivity of eHelix-Cu interconnects 424,
426 according to the example embodiment remained constant with varying strains. This
demonstrates that the eHelix-Cu interconnects according to example embodiments have
outstanding electrical stability under different strains.

As described above, embodiments of the present invention can provide a method and structure
to enable highly conductive and reversibly stretchable 3D helix metal-interconnects embedded
in an elastic substrate for stretchable electronics applications.

Remarkably, the electrical conductivity remains invariant with stretching up to 170% according
to example embodiments described herein. The eHelix-Cu interconnects according to example
embodiments described herein can also withstand 100% strains over more than 1000 cycles of
stretch. The electrical conductivities of the eHelix-Cu interconnects according to example
embodiments described herein were ~2 orders of magnitude higher than for existing proposals.

With the outstanding conductivity and stretching ability, the eHelix-Cu according to example
embodiments described herein has great potential to be utilized for stretchable electronics,
especially as conductive interconnections between devices in stretchable electronics
applications.

In one embodiment, a stretchable interconnect structure for electrically connecting electronic
devices is provided, the stretchable interconnect structure comprising an electrically
conductive wire having a 3-dimensional helical form, the electrically conductive wire being
embedded in a substrate made from an elastic material.

A maximum geometrical strain limit substantially without non-elastic deformation of the
stretchable interconnect may be greater than a maximum geometrical strain limit without non-
elastic deformation of the electrically conductive wire having the 3-dimensional helical form
without being embedded in the elastic material.

The maximum geometrical strain limit without non-elastic deformation of the stretchable
interconnect structure may be about 80%.

The maximum geometrical strain limit without non-elastic deformation of the stretchable
interconnect structure may be about 140%.

The maximum geometrical strain limit without non-elastic deformation of the stretchable
interconnect structure may be about 170%.
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The stretchable interconnect structure may further comprise an adhesive coating on the
clectrically conductive wire forming an interface between the surface of the electrically
conductive wire and the elastic material.

The electrically conductive wire may be enameled.
The electrically conductive wire may comprise a polymeric insulation layer.

The stretchable interconnect structure may further comprise at least a first electronic device
connected at one end of the stretchable interconnect structure.

The first electronic device may be embedded in the substrate.
The stretchable interconnect structure may exhibit a conductivity of the order of 10°S/cm.

The conductivity may be substantially constant across an elastic stretchability range of the
stretchable interconnect structure.

Figure 7 shows a flow-chart 700 illustrating a method of fabricating a stretchable interconnect
structure for electrically connecting electronic devices according to an example embodiment.
At step 702, an electrically conductive wire having a 3-dimensional helical form is provided.
At step 704, the electrically conductive wire is embedded in a substrate made from an elastic
material.

The method may further comprise providing an adhesive coating on the electrically conductive
wire prior to embedding into the substrate for forming an interface between the surface of the
electrically conductive wire and the elastic material.

The electrically conductive wire may be enameled.
The electrically conductive wire may comprise a polymeric insulation layer.

The method may further comprise connecting at least a first electronic device at one end of the
embedded electrically conductive wire.

The method may comprise embedding the first electronic device in the substrate.

Embodiments of the present invention can have one or more of the following features and
associated benefit/advantage:

Feature: 3D metal-rubber composite structure design

Associated benefit/advantage: Innovative structural design for embedded stretchable
electronics applications

3D helical shaped interconnects allowed its highly stable and stretchable ability
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Feature: Surface bonding treatment

Associated benefit/advantage: Surface treatment to increase composite’s interfacial bonding
strength enhancing its life cycle

Comparison of stretching performance between material with and without surface treatment
are demonstrated

Feature: Robust mechanical and electrical performance

Associated benefit/advantage: Outstanding mechanical performance of stretching and
hysteresis with mechanics elaborated

Highly conductive and robust electrical performance is illustrated: no conductivity changes
within one stretching cycle; conductivity is ~2 orders of magnitude higher than existing
proposals.

Embodiments of the present invention are ideally suited for stretchable electronics applications.
Devices such as, for example, surface-mounted devices (SMD), can be integrated with
interconnects according to embodiments of the present invention to realize highly stretchable
electronic devices according to example embodiments. According to example embodiments,
various electrical components needed/used in a complete electronic system can be steadily
connected for providing, for example, wearable devices, electronic skin and other applications,
which are highly demanded.

The above description of illustrated embodiments of the systems and methods is not intended
to be exhaustive or to limit the systems and methods to the precise forms disclosed. While
specific embodiments of, and examples for, the systems components and methods are described
herein for illustrative purposes, various equivalent modifications are possible within the scope
of the systems, components and methods, as those skilled in the relevant art will recognize.
The teachings of the systems and methods provided herein can be applied to other processing
systems and methods, not only for the systems and methods described above.

For example, while specific example materials have been described in the example
embodiments, the present invention is not limited to those materials.

The conductive wire may be made from other conductive materials such as, but not limited to,
Gold, Silver, etc, and generally any conductive material with a Young’s modulus similar to or
below that of Copper.

The substrate may be made from other elastic materials such as, but not limited to,
Polydimethylsiloxane (PDMS), Dragon skin 20, etc., and generally any material with a
Young’s modulus similar to or higher than Ecoflex 0050.

The adhesive layer forming the interface between the surface of the conductive wire and the
elastic material according to some example embodiments may be made from other adhesive
materials, or no adhesive may be used in other embodiments.
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The elements and acts of the various embodiments described above can be combined to provide
further embodiments. These and other changes can be made to the systems and methods in light
of the above detailed description.

In general, in the following claims, the terms used should not be construed to limit the systems
and methods to the specific embodiments disclosed in the specification and the claims, but
should be construed to include all processing systems that operate under the claims.
Accordingly, the systems and methods are not limited by the disclosure, but instead the scope
of the systems and methods is to be determined entirely by the claims.

Unless the context clearly requires otherwise, throughout the description and the claims, the
words "comprise," "comprising," and the like are to be construed in an inclusive sense as
opposed to an exclusive or exhaustive sense; that is to say, in a sense of "including, but not
limited to." Words using the singular or plural number also include the plural or singular
above,"” "below," and
words of similar import refer to this application as a whole and not to any particular portions

non

number respectively. Additionally, the words "herein,” "hereunder,

of this application. When the word "or" is used in reference to a list of two or more items, that
word covers all of the following interpretations of the word: any of the items in the list, all of
the items in the list and any combination of the items in the list.
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CLAIMS

1. A stretchable interconnect structure for electrically connecting electronic devices, the
stretchable interconnect structure comprising:

an electrically conductive wire having a 3-dimensional helical form, the electrically
conductive wire being embedded in a substrate made from an elastic material; and

an adhesive coating on the electrically conductive wire forming an interface between
the surface of the electrically conductive wire and the elastic material.

2. The stretchable interconnect structure of claim 1, wherein a maximum geometrical
strain limit substantially without non-elastic deformation of the stretchable interconnect is
greater than a maximum geometrical strain limit without non-elastic deformation of the
electrically conductive wire having the 3-dimensional helical form without being embedded in
the elastic material.

3. The stretchable interconnect structure of claim 2,. wherein the maximum geometrical
strain limit without non-elastic deformation of the stretchable interconnect structure is about
80%

4. The stretchable interconnect structure of claim 2, wherein the maximum geometrical
strain limit without non-elastic deformation of the stretchable interconnect structure is about
140%.

5. The stretchable interconnect structure of claim 2, wherein the maximum geometrical
strain limit without non-elastic deformation of the stretchable interconnect structure is about
170%.

6. The stretchable interconnect structure of any one of claims 1 to 5, wherein the
electrically conductive wire is enameled.

7. The stretchable interconnect structure of claim 6, wherein the electrically conductive
wire comprises a polymeric insulation layer.

8. The stretchable interconnect structure of any one of claims 1 to 7, further comprising at
least a first electronic device connected at one end of the stretchable interconnect structure.

9. The stretchable interconnect structure of claim 8, wherein the first electronic device is
embedded in the substrate.

10.  The stretchable interconnect structure of any one of claims 1 to 9, exhibiting a
conductivity of the order of 10°S/cm.

11.  The stretchable interconnect structure of claim 10, wherein the conductivity is
substantially constant across an elastic stretchability range of the stretchable interconnect
structure.
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12. A method of fabricating a stretchable interconnect structure for electrically connecting
electronic devices, the method comprising the steps of:

providing an electrically conductive wire having a 3-dimensional helical form; and
embedding the electrically conductive wire in a substrate made from an elastic material;

wherein an adhesive coating is provided on the electrically conductive wire prior to
embedding into the substrate for forming an interface between the surface of the electrically
conductive wire and the elastic material.

13.  The method of claim 12, wherein the electrically conductive wire is enameled.

14.  The method of claim 13, wherein the electrically conductive wire comprises a
polymeric insulation layer.

15.  The method of any one of claims 12 to 14, further comprising connecting at least a first
electronic device at one end of the embedded electrically conductive wire.

16.  The method of claim 15, comprising embedding the first electronic device in the
substrate.
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