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Wireless power transfer technology has emerged as a new class of prospective components for electric
vehicle charging. However, conventional wireless power transfer systems often suffer from
unsatisfactory charging efficiency due to the comparatively longer recharge range and insufficient
universality for various car models. Here, we present a stretchable wireless power transfer (SWPT) system
that consists of thin and stretchable inductive coupling coils designed in serpentine shapes to provide
stretchablility for the charging of any model. The receiving coil is adhered to the vehicle roof, and the
transmitting coil hung over the vehicle is used to adjust the transmission distance. In order to improve
the capability of coils, the design of windings is optimized to enhance stretchability and decrease the
resistance via fabricating treble strand serpentine copper traces. The results show that the charging

efficiencies of the SWPT remain stable even though the coils are under bending and stretching. As an
Received 19th June 2020 lication demonstration, the SWPT system is installed on the roofs of two different model
Accepted 14th September 2020 application demonstration, the system is installed on the roofs of two different model cars,

respectively, and the results demonstrate that the charging efficiencies remain stable. Thus, this work

DOI: 10.1039/d0ra05579a paves a novel way to develop a stretchable, convenient, universal, and high-performance wireless power
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1. Introduction

For energy conservation and pollution reduction, electric vehi-
cles have been carried out for decades.”™ One of the challenges
of electric vehicles is the charging method of batteries, and
researchers have been working on the improvement of the
performance and convenience of the charging method for
a long time. Meanwhile, the methods of charging are always
researched to improve performance and convenience.>® The
wireless power transfer systems which have demonstrated many
advantages such as wirelessness, and being waterproof,
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dustproof and weatherproof are gaining considerable attention
for pure and plug-in hybrid electric vehicles.’®** The main
scheme of wireless charging is usually to install the trans-
mitting coil and module on the ground and the receiving coil on
the chassis of the vehicle."*'® However, there are many obsta-
cles limiting the application of wireless power transfer tech-
nology for electric vehicles charging.'”** Many literatures had
reported several important parameters, which affect inductive
transmission, such as the distance between transmitting coil
and receiving coil, the frequency of transmission current, the
alignment of inductive coils and the design of coils.***® The
distance between the vehicle's chassis and ground is long,
resulting in the leakage magnetic flux and low charging effi-
cient, and the different distances between the chassis of
different vehicles and the ground cause unstable charging
efficient.***° In addition, it is difficult for most drivers to park at
the accurate location to satisfy a good alignment of the two
coils, and hence, this human factor decrease the charging effi-
ciency.””** Moreover, some debris around the charging pad
such as metal objects, cigarette packs, and gum wrappers could
result in lower charging efficiency and even fire accidents due to
eddy current.**** Therefore, wireless charging technology still
faces great challenges in efficiency, convenience, safety and
universal applications for electric vehicles.****

In this paper, we develop a novel wireless power transfer
system with a thin, stretchable and inductive coils. The
receiving coil is integrated into the vehicle roof and has the
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ability for the conformal contact with the various models due to
the geometric characteristics of thin and stretchability. The
transmitting coil is hanged over the vehicles and could be
controlled individually to adjust the alignment and distance to
receiving coils. This design could eliminate the perplexity of
alignment for driver and shorten the distance between the two
coils which can lead to the reduction of the leakage magnetic
flux and the improvement of the charging efficiency. In addi-
tion, the system is easy to clean and rarely disturbed by other
sundries because it is installed it on the vehicles roof, which can
improve the safety. The coils can maintain stable power transfer
efficiency even if subjected to bend or stretch. Moreover, this
novel SWPT system demonstrates the unique advantages of
outstanding charging efficient and universality and shows the
potential applications for electric vehicles charging.

2. Results and discussion

It is well known that the wireless power transfer system basically
consists of the inductive coupling between transmitting coil
and receiving coil. The transmitting coil is powered through
a powder electronic converter, which provides a high-frequency
current and a high-frequency magnetic field. The field coupling
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T -
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Receiving coil

Fig. 1
illustration of the various constituents of the coil.
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with the receiving coil allows the wireless transfer of electrical
power. Then, a rectification stage converts the signal to DC for
charging the battery of vehicle.>**” It is obvious that the coils, as
the primary medium, play a key role in achieving the wireless
power transfer, and thus the design of coils can affect the
transfer efficiency directly. Fig. 1a exhibits a novel wireless
power transfer system and its schematic diagram. The receiving
coil is integrated into the car roof, and the transmitting coil is
fixed by holding its four corners to cover the receiving coil and
could be moved up, down, left, right, forward and backward to
adjust the alignment. This design vastly shortens the trans-
mitting distance and keeps the alignment of the two coils to
avoid the decrease of inductive efficiency. Moreover, the coil is
made of thin serpentine copper traces and hence can be bended
and stretched, as shown in Fig. 1b. These features of coil allow it
to conform to the car roofs of different vehicle types when
charging. An expended view of the structure of coil is shown in
Fig. 1c, where the coil has a multilayer configuration of induc-
tion coil/insulation layer/induction coil, encapsulated with
Ecoflex on the up and down.

Fig. 2 outlines the fabrication process of an inductance coil,
which is realized by microprocessing strategies, involving laser
cutting serpentine copper traces to forming a windings, putting

— Encapsulated layer
— Induction coil

— Insulation layer
— Induction coil

— Encapsulated layer

(a) The schematic of SWPT system for electric vehicles; (b) photography of the bended and stretched coil; (c) expanded-view schematic
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Fig. 2 Fabrication of the inductance coil, involving (I-11l) putting the wingdings on an Ecoflex encapsulation layer, (IV, V) putting another same

wingdings on a new Ecoflex layer to insulate the two layers of windings, (VI, VII) encapsulating the upper wingdings with Ecoflex and peeling the
complete coil off, (VIII) exploded-view schematic illustration of the reductive coil.

the windings on the Ecoflex substrate, coating Ecoflex as insu-
lation layer on the upside of the windings, putting another
windings with opposite spiral direction on the insulation layer
and encapsulating the top coil with Ecoflex. Details appear in
the Experimental section.

Generally, the inductive wireless power transfer system is
excitated by high frequency alternating current. However, the
excitation process comes with the skin effect, which leads to low
current density and high resistance due to lots of current
concentrating upon the surface of the wires of coil.**** However,
an effective method could be applied to reduce the effect greatly
by dividing the wire into multiple strand wires.*®*" In view of
this, the winding of stretchable inductance coil is optimized to
be multi-strand serpentine copper traces to reduce the influ-
ence of skin effect and improve the inductive performance, as
shown in Fig. 3a. The conductive coil is designed in a square, as
shown in Fig. 3a (left), the outside length d, is 73 mm, and the
inside length is d;, which is obtained after determining the
relevant parameters of winding as following. The windings
consist of single strand, bifilar strand and treble stranded
serpentine copper traces, respectively, and the total width of
serpentine copper traces (w) in one winding keeps constant.
The specific design parameters are marked in Fig. 3a (right), d is
the distance between two windings, 6 is the central angle of
serpentine copper traces, r is the arc radius of one winding, w is
the width of a serpentine copper traces, s is the space between
the two serpentine copper traces, and [ is the length of straight
segment in serpentine copper traces.

The performance of stretchable conductive coils mainly
involves two factors: one is stretchability, the other is quality
factor. The quality factor (Q) which reflects the electrical
performance of the coil is calculated as following:**

27tfL

0= " @

where fis the resonant frequency of the coil, L is the inductance
of coil, and alternating current (AC) R is the total resistance of
coil. The Q is proportional to the inductance (L) of coils and
inversely proportional to the resistance (R) of winding. Hence,

35428 | RSC Adv, 2020, 10, 35426-35432

coil configuration is designed to reduce resistance and increase
inductance for improving electrical properties.

The coil is made of two layer of the same windings which are
multiperiodic serpentine copper traces. The AC resistance (R) of
coil is calculated in a representative unit cell as following:

or
21800r+l
R = >24 >24
Pt = (waA)(IfZA)(t o ) B
1
2——r+1
R:p%(ISZA or w=24)
1/7

1
A=\ 2

where p is electrical resistivity of materials, 6 is the central angle
of serpentine copper traces, [ is the length of straight segment in
serpentine copper traces, r is the radius of serpentine copper
traces, w is the width of a serpentine copper traces, and ¢ is the
thickness of serpentine copper traces, 4 is the depth of
serpentine copper traces affected by skin effect, fis the resonant
frequency of the coil, u is the permeability of vacuum, vy is
conductivity.

Ineqn (3),° the wand y are 4w x 107 Hm " and 58 x 10°S
m " obtained from performance manual of copper materials,
respectively, and the fis 180 kHz as working frequency. The AC
resistances of serpentine copper traces are calculated by eqn (2)
and (3).

Fig. 3b shows the resistances of single, bifilar, treble, four,
five, and six strand copper traces calculated from the repre-
sentative unit cell illustrated in the inset (r is 1.25 mm, [ is 1
mm, s is 0.2 mm, ¢ is 150°, and ¢ is 0.1 mm). The results
demonstrate the resistances slightly reduce with the increasing
of the total width w, of copper traces. Then the stretchability of
six kinds copper traces are simulated by FEA, as shown in
Fig. 3c. It can be seen that w, is an important factor to affect the
stretchability of windings, and the more strand winding has
obvious advantages over other. The results show the AC resis-
tance reducing slightly, which has a slight influence on the

This journal is © The Royal Society of Chemistry 2020
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Fig.3 Design of the stretchable coil. (a) The windings of the coil consisting of multi-strand serpentine copper traces; (b) the resistances of single,
bifilar, treble, four, five, and six strand windings for the representative unit cell; (c) the stretchability of six kinds of windings predicated by finite
element analysis (FEA); (d) FEA results of treble strand winding when w; is 0.6 mm; (e) the effect of r on the stretchability as ¢ is 120°, 150° and
180°, respectively; (f) the effect of t on the stretchability as 6 is 120°, 150° and 180°, respectively; (g) the influence of t on the resistance at 4 of
120°, 150° and 180°, respectively, (inset: enlarged view of the chart from 0.05 mm to 0.15 mm thickness); (h) comparison among the resistance,
reduction and quality factor as wy is 0.6, 0.9 and 1.2 mm, respectively; (i) the effect of the turn on the resistance at different d, (j) the relationship

between induction and turn.

quality factor (Q) of inductive coil. Although the stretchability
increases with the increase of the number of strand, the coil
consisting of treble strand serpentine copper traces is enough to
accommodate car roofs with different radians. In addition, the
fabrication of more strand serpentine copper traces is more
complicated. Therefore, the treble strand winding as optimal
design is chosen and further studied. Fig. 3d shows the strain
distribution of the treble strand winding (w, is 0.6 mm) under
6.17% tensile strain (Fig. 3c). There is an obvious stress
concentration on the arc of the serpentine copper traces. Thus,
the central angle () and the arc radius (7) of serpentine copper
traces are the critical influence factors of stretchability. Fig. 3e
shows the stretchability improves with the increasing of r (from

This journal is © The Royal Society of Chemistry 2020

0.8 mm to 1.5 mm) when 6 is 120°, 150° and 180°, respectively.
Among these three central angles, coil could obtain the
maximum stretchability at 180° and minimum one at 120°.
Here, r = 1.25 mm is a design parameter. Fig. 3f demonstrates
the stretchability of treble strand serpentine copper traces
keeps stable once the thickness ¢ exceeds 0.1 mm. Similarly, coil
can obtain the maximum stretchability when 6 = 180°.The
thickness of serpentine copper traces could affect the flexibility
of the inductance coils directly, and the thickness 0.1 mm is the
optimal choice for the coil design. The resistance of copper
traces is a key factor for the quality factor of coil and is inversely
proportional to the quality factor according to eqn (1). It is
necessary to calculate the resistance of treble strand serpentine

RSC Adv, 2020, 10, 35426-35432 | 35429
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copper traces again to evaluate the design parameters according
to eqn (2). Where ris 1.25 mm, [ is 1 mm, s is 0.2 mm, w; is 0.6
mm, ¢ is from 0 to 1.0 mm, and ¢ is assigned to 120°, 150° and
180°, respectively. The results illustrate the resistance rapidly
reduces with ¢ when 0 < ¢ < 0.2 mm, and the resistance of copper
traces obtains the maximum value when § = 180° (inset), as
shown in Fig. 3g. In view of this, to optimize both the stretch-
ability and the resistance of copper traces, the central angle
150° is chosen.

Some design parameters of winding have been discussed
and determined, including ¢ = 0.1 mm, 6 = 150°, r = 1.25 mm.
In addition, [ and s keep 1 mm and 0.2 mm, respectively.
Meanwhile, the distance (d) between the two adjacent windings
is determined as zero, which is illustrated in Fig. 3a (right). w, is
avital parameter which can affect the turns and Q of coil within
a set area, when the treble strand windings are fabricated as
a square coil with the side length of 73 mm. 0.6 mm, 0.9 mm
and 1.2 mm are chosen as the total width of treble strand

View Article Online
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winding to fabricate coils according to the process described in
Fig. 2. The resistance (R) and inductance (L) of these coils are
measured, and the quality factor (Q) is calculated by eqn (1).
These results are exhibited in Fig. 3h, implying the Q increases
with the enlarging of w,. Fig. 3c demonstrates the relationship
of w, and stretchability of treble strand winding, illustrating the
stretchability reduces with the enlarging of w.. Hence, to opti-
mize both the quality factor and the stretchability of the coil, the
we of 0.9 mm is chosen. The total length of the winding in a coil
decreases with the increasing of d, leading to the reduction of
resistance of coil. Two overlapping coils (d = —0.4 mm and d =
0.1 mm) are fabricated according to the fabrication process
(Fig. 2). Fig. 3i exhibits the actual measured resistance is lower
when d is 0.1 mm. The square coil with the side length of 73 mm
have 6 turns when d = 0.1 mm, and the receiving and trans-
mitting coils are developed by overlapping two square coil,
respectively. 0.1 mm is determined for d. Fig. 3j shows the
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Fig.4 The charging efficiencies of the stretchable coil on (a) and (b) cylinders with different curvature radii, (c) and (d) hemisphere, (e) and (f) two

car roofs with different radii.
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inductive performance of optimized coil, and the results illus-
trate that more turns can lead to a better inductive performance.
The thin, stretchable inductive coil is fitted on the vehicle
roof charging for many kinds of vehicle types, where the coil
size is 73 mm x 73 mm, the resonance frequency of the coil is
180 kHz. And the influence of charging efficiency coming from
the deformation of the coil, such as bending and stretching, is
a vital point to realize the university of SWPT system. Some
experiments were carried out to verify the influence of charging
efficiency produced by the deformation of coil. Fig. 4a shows the
coils are attached on cylindrical models with different radius of
curvature (30-50 mm) to measure the charging efficiency with
different load resistances. The result implies the charging effi-
ciencies has hardly changed under bending, even compared
with the state of plane, as shown in Fig. 4b. It is well known that
the coil not only is bended, but also stretched as it is used to
vehicle roof. Therefore, it is necessary to test the charging effi-
ciencies under the state of both bending and stretching. The
coil was bended and stretched to conform to the cambered
surface of a hemisphere with a radius of 100 mm, and the state
of tensile is simulated by FEA (Fig. 4c). The charging efficiency
has no change compared with that of coil in the plane, as shown
in Fig. 4d. Moreover, in order to simulate the actual charging
process, the coil is put on two different model car roofs for
testing the charging performance (Fig. 4e). Fig. 4f demonstrates
the charging efficiency of the coil has barely affected by the
model of car and the maximum charging efficiencies are more
than 50%. All the above tests prove the stretchable inductive coil
is universal to the charging of any models. For the practical
applications, the coils will be scaled up to match the size of real
car models by just increasing the turns. Meanwhile, the pro-
cessing modules and resonant circuits will have corresponding
adjustment according to the relative characteristics of the
enlarged transmitting and receiving coils such as resistance and
inductance to avoid to reducing charging efficiency.

3. Conclusion

The SWPT system different from the traditional wireless
charging method was designed to improve the charging effi-
ciency and realize universality to any vehicles. The receiving coil
was integrated on the car roof for cleaning easily and enhancing
safety, and the transmitting coil was hung over the car to adjust
the position for shortening the distance of reductive trans-
mission, decreasing leakage magnetic flux and improving the
power transfer efficiency. The treble strand serpentine copper
traces were used to fabricate the inductive coils of SWPT system
for obtaining a satisfactory stretchability, which was beneficial
to the conformal contact to various vehicle models. Some
experiments had proved that the charging efficiency of the
SWPT system was affected hardly when the coil was bended or
stretched. These results reveal the significance of combining
the new installation methods of the wireless charging system
with structural engineering of coil to realize a novel stretchable
wireless charging system for convenient and universal applica-
tion to electric vehicle.

This journal is © The Royal Society of Chemistry 2020
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4. Experimental section
4.1 Fabrication process of stretchable coil

The receiving or transmitting coils consisted of two overlapping
stretchable windings. The winding was designed to be a square
with the side length of 73 mm (d,y¢) and 6 turns in total. The
winding consisted of treble strand serpentine copper traces
with the width of 0.3 mm (w) for one of treble strand copper
traces, the 0.1 mm thickness (¢), the space between the two
serpentine copper traces of 0.2 mm (s), the radian of serpentine
copper traces of 150° (6), the length of tangential path in
serpentine copper traces of 1 mm (), the arc radius of one
winding of 1.25 mm (r), and the distance between two windings
of 0.1 mm (d). Finally, there was a square with the side length of
23 mm (d;,) in the center of coil. The coil was prepared by laser
cutting the copper foil according to dimension parameter. The
device was fabricated starting from the substrate that was
coating a layer Ecoflex of 0.1 mm thickness on a clean glass
panels (Fig. 21, II), then putting the prepared coil of copper on it
(Fig. 2III). A new layer Ecoflex was coated on the first coil to
insulate the second coil (Fig. 21V, V). The entire device was
peeled off the glass after coating the Ecoflex at the top as
encapsulation layer (Fig. 2VI-VIII).

4.2 Simulating stretchability by FEA

The finite element simulation was conducted in Abaqus,
a widely accepted commercial software. The compliant elasto-
meric substrates, Ecoflex (C;o = 0.008054, Cy; = 0.002013, D, =
2.0), were treated as hyper elastic materials depicted by the
Mooney-Rivlin model, and copper were treated as ideal elastic
plastic materials. The Young's modulus, Poisson's ratio, and
yield stress of copper are 124 GPa, 0.34, and 372 MPa, respec-
tively. The hexahedron elements C3D8R were adopted for the
substrates, and the shell element S4R was adopted for copper.
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