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Computational Design for
Digitally Fabricated 3D Inductive
Power Transfer Coils

The geometric shapes and the relative position of coils influence the performance of a three-
dimensional (3D) inductive power transfer system. In this paper, we propose a coil design
method for specifying the positions and the 3D shapes of a pair of coils to transmit the
desired power. Given region of interests (ROIs) for designing the transmitter and the
receiver coils on two surfaces, the transmitter coil is generated around the center of its
ROL The center of the receiver coil is estimated as a random seed position in the corre-
sponding 3D surface. At this position, we use the heatmap method with electromagnetic
constraints to iteratively extend the coil until the desired power can be transferred via
the set of coils. In each step, the shape of the extension, i.e., a new turn of the receiver
coil, is found as a spiral curve based on the convex hulls of the 2D projected adjacent
turns along their normal direction. Then, the optimal position of the receiver coil is
found by maximizing the efficiency of the system. In the next step, the position and the
shape of the transmitter coil are optimized based on the fixed receiver coil using the
same method. This optimization process iterates until an optimum is reached. Simulations
and experiments with digitally fabricated prototypes were conducted and the effectiveness
of the proposed 3D coil design method was verified. [DOI: 10.1115/1.4053500]

Keywords: computer aided design, physics-based simulations

1 Introduction

Wireless power transfer (WPT) has attracted a wide range of
interests in the past decade [1]. Among different techniques, induc-
tive power transfer (IPT) is a popular mechanism in near-field WPT,
and it was adopted for many applications, e.g., the quite interesting
(QI) standard [2]. In an IPT system, a pair of 2D planar spiral coils,
one or two layers each, are often used. The power that the system
can transmit and the efficiency of the transmission highly depend
on the geometric shapes, the materials, the relative positions of
the transmitter and the receiver coils. For instance, large misalign-
ment in the lateral and/or increased distance between coils in the
axial directions may lead to a significant reduction of the coupling
factor of an IPT system [3].

The geometric design methods of 2D planar coils have been well
developed in the past decades. However, the forms of products do
not always contain a planar surface for embedding a 2D coil. For
instance, in personalized product designs, the shape of the
product should adapt to certain part(s) of the body, such as wearable
electronics [4], stretchable electrodes [5], smart skin [6,7], and
microhairy sensor [8]. Embedding a planar coil in such a design
may require additional space and/or create large lateral misalign-
ments between the transmitter and the receiver coils. Especially
when the receiver coil is small, a significant loss of magnetic flux
during the power transfer may happen due to minor misalignments,
which may result in an underpowered system [9]. Recent develop-
ment in soft robotics [10] and electronic skins [11] post even more
challenges on integrating IPT in the design as the geometric shapes
of these products contain many freeform surfaces, and they may
change overtime to achieve different functions.

Technology advancement offers new ways in designing and man-
ufacturing coils for IPT in 3D, such as 3D printing [12,13], stamp
printing [14], cartan transfer printing [15], etc. For instance,
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Jeong et al. [16] integrated a IPT system in a smartwatch strap
with flexible 2D coils and magnetic field shielding materials.
Researchers also developed new inductors [17], sensors [18,19],
etc. using 3D printed electronics. However, regarding coils for
IPT, most of the designs were achieved by simply projecting, or
morphing, a 2D spiral/rectangular pattern to a 3D surface(s). The
spatial relations between the transmitter and receiver coils, the dis-
tances between each turn of a coil, and the influence of 3D shapes
on the electromagnetic field of the IPT system were not fully con-
sidered in the design of these coils.

In this paper, we address this gap by introducing a new approach
for designing the geometric shapes of 3D coils for IPT. The scien-
tific contribution is that in given region of interests (ROIs), we
embed both geometric and electromagnetic constraints in the
design of the smallest possible pair of 3D coils to achieve transmit-
ting the desired power. The proposed approach was verified by
FEM simulations and experiments on digitally fabricated coils.

This paper is based on earlier work [20] published in ASME
IDETC/CIE 2021 conference. The remainder of the paper is
arranged as follows: in Sec. 2, a brief literature review was given
on different aspects regarding coil design and manufacturing for
IPT. Section 3 introduces the proposed approach and in Sec. 4,
we present three cases to compare the calculation, the simulation,
and the experiment results for verifying the approach. Finally, a
short conclusion is presented.

2 Literature Review

2.1 Requirements of Coils. IPT can be used in a variety of
products and therefore coils will have to be designed with different
shapes and using different materials, e.g., a pair of cylindrical coils
with magnet wires is often used for charging the toothbrush [21].
Among different shapes, a pair of 2D planar circular, or rectangular,
spiral coils is the most common pattern(s) used in an IPT system.
The advantage of using planar circular coils is that a pair of them
has higher self- and mutual-inductances than square shaped coils
with the precondition that the length of conductors is the same
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[22]. However, in many designs, the design space of the coil is often
a rectangular shape. Using a rectangular spiral coil may achieve a
larger inductance than using the circular spiral coil given a
defined rectangular design space [23]. Coils in other shapes, e.g.,
elliptical coils, are also reported in the literature for specific appli-
cations [24,25]. No matter which shape is used in an IPT system;
coils are often winded in the convex and close-packed forms for
reducing the volume and enlarging the self- (and/or mutual) induc-
tance of the coil(s).

With a pair of coils, the maximal efficiency of an IPT system can
be described as

2
Mmax =K122Q1Q2/<1 + vV 1+ K122Q1Q2> (D

and the maximum achievable power to be transferred by this system
is [26]

K120102R RoR V?
(R\(Ry + Rp) + K1201 Q2R Ry )*

Here, the quality factors Q; =2afL,/R, and Q> =2xfL,/R, are the
figure-of-merit of the transmitter and the receiver coils, respectively
[27]. L and L, are the self-inductance of these two coils, and R}, R»,
and R; are the resistances of the transmitter coil, the receiver coil,
and the load, respectively [3]. The coupling factor between two
coils Ky =M;/+/LiL,, where M;, is the mutual-inductance
between the transmitter and the receiver coils.

Given the design of a pair of coils for an IPT system, according to
these definitions, the geometric shapes of the coils might influence
the self-inductances and the resistance of these two coils. The rela-
tive position might influence the mutual-inductances between them
and the efficiency of the system, e.g., the angular, lateral, and axial
misalignments of these two coils often lead to a significant loss of
power to be transmitted. In general, for transmitting a given
amount of power using IPT, a pair of well aligned coils with
large self-inductances and lower resistances is preferred for mini-
mizing the geometric sizes of the coils in the design space, and
therefore saving material and manufacturing cost of the coils as
well.

(@)

Pout—max =

2.2 Printing Electronics. Coils are often wound using litz
wires [28]. With the development of printed electronics, printable
conductive inks have been used to replace conventional conductors
in many IPT applications for saving the cost and/or reducing the
size while providing enough power for the system [29]. 2D
printed electronics, i.e., printing a single layer or multiple layers
of silver ink on the substrate, was first introduced for designing
low power IPT systems [16]. Conformal printing is often used for
translating those 2D designs to 3D application based on the flexibil-
ity of the conductive ink and the substrate. In conformal printing,
electronic structures are first fabricated on a flat flexible substrate
by inkjet printing or screen printing; the print is then deformed to
the target (curved) surface using different manufacturing methods
[30]. For instance, Harnois et al. [31] fabricated frequency selective
surface structures on a 2D planar polyethylene terephthalate sub-
strate. The 2D surface was then bonded onto a 3D surface.
Devaraj and Malhotra [32] proposed a new process that can trans-
form flat printed circuits on thermoplastic sheets into freeform inter-
connect—polymer assemblies and integrated them with a desired 3D
surface. A number of studies have confirmed that thermoforming
technology can also be used for deforming the printed large-area
interconnect circuits towards the desired shape [33]. Similarly, by
combining the in-mold decoration technique and 3D printed elec-
tronics, in-mold electronics was also widely adopted by industries
for manufacturing functional electronics [34].

Direct ink writing is another way of digitally fabricating electrical
circuits in 3D [15]. For instance, Zhou et al. [35] fabricated a broad
array of 3D radio frequency passive components (e.g., inductors,
capacitors, etc.) for chip-scale radio frequency electronics. Using

031014-2 / Vol. 22, JUNE 2022

3D printed electronics, Boekraad [36] succeeded in printing a coil
onto a curved surface using a set of non-planar toolpaths.
However, it might be difficult to generalize this approach to other
applications, especially for printing on freeform surfaces. Zhu
et al. [37] developed an on-site 3D electronics printing technique
to print sensors as well as a coil for WPT on human hands.
Recently, Hou et al. [3,38] mapped 2D rectangular/circular spiral
patterns to arbitrary freeform surfaces for generating 3D coils and
validated the effectiveness and efficiency of using those coils in
the IPT system based on 3D printed electronics.

2.3 Design for Digitally Fabricated 3D Coils. When using
printed electronics for IPT, coils are often designed in 2D using
the circular/rectangular spiral patterns with the step size (distance
between turns) as the sum of the width of the printing trace and a
specified clearance between each turn of the coil. However, in the
use of the IPT system, those 2D designs are either deformed by
the users following particular usage scenarios, e.g., flexible elec-
tronics [16], or mapped to a 3D shape using a specific type of
mapping [38]. Either might change the geometry and/or the relative
position of (each turn of) the coils, leading to a decrease in perfor-
mance of the IPT system. For instance, the distances between differ-
ent turns of a coil might change by projecting a 2D design on a 3D
curved surface [39]. This might waste the design space or result in a
potential risk of short circuits between turns. Another potential issue
is that a convex 2D coil might become concave after mapping it to
3D, which will decrease the performance of the IPT system.

Designing coils in 3D can avoid those problems. In the area of
computer aided design (CAD), researchers developed many algo-
rithms that can be used in 3D coil design. For instance, the fast
marching [40] and the heatmap [41] are two typical algorithms to
generate concentric patterns regarding the geodesic distance on
the freeform surface. Another example is a new type of five-axis
spiral inspection path generation strategy which is able to create a
uniform toolpath regarding the geodesic distance [42]. The
designed 3D coils can be manufactured using the direct ink
writing technique in 3D or using the conformal printing technique
by mapping the 3D design to 2D, e.g., by the least-square conformal
map (LSCM) [43-45]. However, extensive literature study did not
reveal existing research works that integrate the electromagnetic
requirements of coils for designing and manufacturing IPT
system on a freeform 3D surface.

3 The Approach

Given a desired amount of power to be transferred via the IPT
system, we propose a 3D coils design approach as Fig. 1. In the
first step, two ROIs are specified on two surfaces where the IPT
system is supposed to be integrated. A transmitter coil is then gen-
erated at an initial position either specified by the designer or at the
center of a surface. At first, the size of this coil will only be limited
by the boundary of the RO, i.e., an excessively large transmitter
coil will be generated in step 2. Then, a random seed for the receiver
coil on the corresponding surface is specified. Using this seed, we
grow the receiver coil turn by turn until the size that the system is
able to transmit the desired power. The position of the seed of the
receiver coil is further optimized until the maximal efficiency is
achieved as step 3. In step 4, we flip the order and used the receiver
coil to optimize the position and the shape of the transmitter coil
based on the desired power to be transferred. Steps 3 and 4 iterate
until the changes of the geometric centers of both coils (step 5)
are less than a threshold. In the following, details of the above
steps are explained.

3.1 Region of Interest and the Transmitter Coil. In the
design of 3D coils, a design space, i.e., the ROIs for the transmitter
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1. Select the design space (ROIs on two 3D
surfaces)

v

2. Specify the transmitter coil in the largest
available form

v

3. Optimize the geometric shape of the
receiver coil with fixed transmitter coil

!

4. Optimize the geometric shape of the
transmitter coil with fixed receiver coil

The required power

The efficiency

5. The changes of geometric
centers < Threshold

6. Get the 3D layout of the transmitter and
recetver coil

v

Following up manufacturing
process

Fig. 1 The approach for designing 3D coils for IPT

and the receiver coils, are specified first as

St(u, v)|u, v € (0, 1) 3)
and

Sr(u, v)|u, v € (0, 1) “)

respectively. In Sy{(u, v), an initial position of the transmitter coil is
specified as S7(0.5, 0.5) as the center point in Fig. 2. Here we take
the UV center of the surface as the seed position but in practices,
any points on SH{(u, v) can be used. A geodesic offset of the seed
point Co(w)lu € (0, 1), which is computed based on the heatmap
method [46], is used as the starting ring of the coil as shown in
Fig. 2. Here the offset value is defined as 120% of the width of
the coil trace (20% clearance, 0.6 mm in this paper).

Using Cy(u) as the basis of the inner turn of the transmitter coil,
the basis of the next turn C(u) of the coil is computed using the
geodesic offset with the same offset value. Here, the shapes of
the Co(u) and Cj(v) may influence the performance of the I
system. For instance, the direction of the electromagnetic fields of
a coil follows the right-hand rule regarding the direction of the
current that flows through it, and in the concave area, the current
might generate “negative” electromagnetic fields which will result

Seed of the transmitter coil

ROI of the surface for the
transmitter coil
ROI of the surface for the
receiver coil

The start ring C,

Fig. 2 ROI and the initial positions of the transmitter coil
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Convex hull of Cpep

Convex hull of Cpey

PC,

Spiral curve generated
between convex hulls

Fig. 3 Project curves in 2D, convex hull, and the generated
spiral curve

in a decreased “total” electromagnetic field. Therefore, concave
regions of Cy(u) and Cy(u) should be avoided.

A way to avoid potential concave regions in Cy(u) and C;(u) is
to use the convex hull(s) of the projected shapes in their best-
fit plane. For this, two curves are discretized first as pointsets
Po={Po())li=0...m;} and P;= {P,()li=0...my}, respectively.
Then a superset Py ={Po1(i)li=0...m3} can be acquired as
Py; = Py U P;. A best-fit plane (c, n) of this superset Py; can be
generated as

arg min > ((Poi()) = c)'ny ®)
=0

where c is the geometric center of Py;(i) and ¢ = Y ;% Po1(i)/m3. n
is the normal direction of the plane. With the found n, P, and P; are
projected to plane (c, n) as

PCy={(Po(i)) = c) = (Po() —¢c)-n")-n| i=0...m} (6)
and
PC = {P1() =)= (Pi()—c)-n")-nli=0...m} (7)

Figure 3 depicts the PCy and PC; on the projected plane. To
remove possible concave regions in these two contours, the
convex hulls Cp,o and C,; [47] of them are calculated as shown
in Fig. 3. A 2D spiral curve is then generated by rotating a vector
V around the geometric center of C,, and C,; as

0
(1 - ﬂ) Cpeo N V(O+

0
52 Cre1 N V()

Sprial(0) = 0=0...2z ®)

where V(6) stands for a vector from the origin point towards (cos(9),
sin(d)) and N is used to find the intersection between two lines/
curves.

After Sprial() is acquired, we project the Sprial(6) and C,; back
to the S7{(u, v), where the projected Sprial(@) is the extension, i.e., a
new turn, of the transmitted coil and the projected C,; is the basis
for the next new turn. This process iterates until the boundary of
ROI is reached. Finally, the transmitter coil ¢,(u) is constructed
based on a piecewise curve where each piece is the projected
Sprial(0) regarding this turn. In this case, the transmitter coil is gen-
erated with an excessively large size as the starting point of the opti-
mization process as shown in Fig. 4.

3.2 Optimize Geometry of the Receiver Coil. Given a
starting position Sg(a, b), a receiver coil ¢, (1) can be generated

JUNE 2022, Vol. 22 / 031014-3
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Fig. 4 The generated transmitter coil where the last turn
reaches the boundary of the ROI

in Sg(u, v) using the same strategy as described in the previous
section with an exception, which is the power to be transmitted.
For designing a 3D coil with the minimal size, the desired
power to be transferred (or with an additional threshold) will be
used as the upper limit, i.e., the extension of the coil will stop
when such a limit is reached. Equation (2) defines the maximal
amount of power that the system can transfer. In the equation, it
can be found that this limit is influenced by the mutual- and self-
inductances of the coils, the resistance of the coil, and the resis-
tance of the load.

Suppose the shape of the cross section of the printed trace is rec-
tangular, the resistances of the transmitter ¢, ()lu € (0, 1) and the
receiver coils ¢, (u)lu € (0, 1) in Eq. (2) can be represented as

1
Ry =p J ) cyr(wydu/(WH) ©

u=0

Pout—max

where Wis the width and H is the height of the printed trace, respec-
tively. p is the volume resistivity of the printed conductive ink (after
curing). ¢, means this equation can be used for either c(u) or ¢, (u).
Silver inks are often used in printed electronics. Most silver inks
have a relatively larger resistivity than that of the pure silver or
copper. For instance, the volume resistivity of the pure copper is
about 1.68x 1078 Q m where for a typical silver ink, it is about
3 x 1077 Q m. Therefore, the power that the printed coils can be
transmitted is often limited compared to the same size coils made
of litz wires.

Previous research [3,48] indicates that the mutual-inductance
between the 3D transmitter and receiver coils can be calculated
using Neumann’s formula as

d d

c; * dc,

M=l 10
G C

where i is the magnetic permeability of the vacuum (4zx 10~ H/
m). ¢, and c, are the contours of the transmitter and the receiver
coils, respectively. D is the distance between dc, and dc,. The self-
inductance of the 3D coils can be calculated as the sum of the exter-
nal inductance and the internal inductance as

L = (Mimig—inn + Mrmid—out)
t/r = D)

1
+ B0 ey, (uy du (11)
870

where M, iq—inn 1S the mutual-inductance between the centerline and
t inner edge of ¢,,, and M 4o, 1S the mutual-inductance between
the centerline and the outer edge of ¢,,. Details of the calculation
process can be found in Ref. [38].

With a fixed input voltage and a fixed load resistance, combine
Egs. (9)—(11) with Egs. (1) and (2), the maximal power that can
be transferred by the IPT can be simplified as

Am*f2M(a, b)Ly(a, by**Lg(a, by/*R,V?

- 1674f*M(a, b)’Ly(a, b)*Lg(a, b)’ + 2(R:(a, b)R,(a, b) + Ri(a, b)R;, + )4x2f2M(a, b)Lr(a, b)*/*Lg(a, by** + (R,(a, b)R,(a, b) + Ri(a, b)R;)?

(12)

where M(a, b) = M(c(PCy(S1(a, b)), PC\(S1{(a, b)), c(PCo(Sr(a, D)), PCi(Sk(a, b)))), L{a, b) = L(c{(PCy(S1{(a, b)), PC,(S1(a, b)))), and Lg(a, b)
= L(cAPCy(Sg(a, b)), PC(Sg(a, b)))). Equation (12) can be simplified as Poyi—max =fpower(a@, b), and it is used as the termination condition in the
receiver coil generation. Similarly, the efficiency of the system can be denoted as

47*f2M(a, b)?

Mmax =

Equation (13) can also be simplified as #max = fefficiency(@, b). The
center position of the receiver coil Sg(a, b) can be found by maxi-
mizing the efficiency of the system as

arg a’iré?él)fcfﬁciency(av b) (14)

Based on Egs. (12) and (14), a receiver which is able to transfer
the desired power with maximal efficiency can be generated.
Figure 5(a) presents the generated optimal receiver coil regarding
the transmitter coil. It can be found that though the transmitter
coil is large, the size of the receiver coil is much smaller, as it is
limited by the amount of power to be transferred.

3.3 Iterative Optimization. With the generated receiver coil,
following the proposed approach, we fix the receiver coil and use
the same strategy as Sec. 3.3 to find an optimal transmitter coil.
This optimization process iterates until in the kth iteration,

031014-4 / Vol. 22, JUNE 2022

Ri(a, )R, (a, b) + (Ri(a, bY*R,(a, b)* + 472f2M(a, b)*Ri(a, b)R,(a, b))

13)

both the distance between the center of the receiver coil S’,‘-‘,(a, b)
and the optimized S%'(a, b) using Eq. (14) and the distance
between the transmitter coil S%(a, b) and the optimized S&!(a, b)
using Eq. (14) are less than a threshold, e.g., 0.1 mm. In Figs.
5(b) and 5(c), several steps in such iterative optimization process
are presented.

4 Experiments

In this section, we present the results of three experiments to
verify the proposed approach. In the first experiment, the results
of the calculation, the simulation, and the measurements on a pro-
totype are compared. Then we explore the possibility of designing
the IPT system for a shaver by comparing the calculation and simu-
lation results. In the third experiment, using the proposed methods,
we printed a coil on the liner of a hand splint for providing power to
measure physiological parameters.

Transactions of the ASME

[/1£¥61.989/v 101 €0/€/z2/3pd-8oe/butissuibusbunndwos/Bio-swse uonos|jodjenbipawse//:dny woly pspeojumoq

€ ¢¢ osl

€20z Atenuer | uo Jasn yja@ nL seauiolqig Aq jpd ¥ 1L0LED



Fig.5 Process of iterative optimization: (a) the transmitter coil (top) and the receiver coil (bottom), (b) one of the middle steps of

optimization, and (c) the final step of optimization

4.1 Design a Pair of Coils on Two Freeform Surfaces. The
proposed design approach was implemented by PYTHON using
SciPy, NumPy, and the non uniform rational B-spline surface
(NURBS) python libraries. Figure 6(a) presents six steps in the opti-
mization process of the paraboloid surface case, where each step is
further divided into (a) and (b) these two sub-steps, corresponding
to using the transmitter coil to optimize the receiver coil and using
the optimized receiver coil to optimize the transmitter coil, respec-
tively. In this case, we set the desired power to be transferred as
0.05 Watt to highlight the effects of each turn of the coils. With an
Intel™ Core i5™ 3.7GHZ CPU, it took about 35 min to finish
each step of the computing. In the figure, it can be found that with
the development of the optimization process, the distance between
the two coils was reducing, the sizes of both coils were shrinking
as well, as only a few turns were enough to transfer the desired
power at a shorter distance. In Fig. 6(b), the parameters of coils
regarding each step are presented, where the length and the resistance
of the coils decreased during the optimization process while the
power that can be transmitted always met the requirement. In the
final several steps, the power that can be transferred increased due
to that the turn of the coil was set to be an integer. While the distance
between two coils was small and the number of turns was low, an
extra turn may lead to large changes of the power that can be trans-
ferred. It is worth mentioning that in the proposed approach, the
effectiveness of the optimization results highly depends on the
ROIs selected by the users and in general, the closer the ROIs of
the transmitter and the receiver coils are, the higher the efficiency
is. The initial position of the transmitter coil is specified at SH{0.5,
0.5), and a better initial position based on the prior knowledge of
the designer can also accelerate the optimization process.

To further verify the calculation results, we used the ANSYS™
Maxwell™ simulation tool to explore the properties of Eq. (14) at
its optimal position. In the simulation, we fixed the transmitter
coil but changed a of the center positions Sg(a, b) (along u-axis
of the NURBS) from 0.35 to 0.65 with a 0.005 step and b (along
v-axis) from 0.50 to 0.80 with a 0.005 step, resulting in 3721
setups. With the same computer, it took about 10 s to finish the
simulation of a setup. Figure 7(a) presents the relations between
those positions and the power that can be transmitted by the coils.

Journal of Computing and Information Science in Engineering

It can be found that the maximum was around Sg(0.485, 0.735),
which is the optimal position found by the algorithm. It is worth
mentioning that the optimal position was not at the center of the
figure due to the fact that the boundary of the coils reached the
boundary of the ROIs. Figure 7(b) presents the magnetic B-field
of the IPT system at the optimal position.

To explore the possibility of using the direct printing method to
fabricate the coils, we redesigned and fabricated a pair of coils that
can transmit 0.1 W power with a 5 Q resistive load deployed on the
receiver side. Figure 8(a) presents the design which was printed by
an Ultimaker S5 printer with two grooves at the position of the
designed coils. The height and width of them were set the same
as the parameters of the optimized transmitter and receiver coils,
respectively. Silver ink (density: 3700 kg/m®, volume resistivity:
<3x1077Qm) was filled in the groove to create the coils
(Fig. 8(b)). In Fig. 8(c), the transmitter and the receiver coils
were placed in the designed relative position to form an IPT
system and in Fig. 8(d), an light-emitting diode (LED) was
lighted using the power transferred by the system.

Table 1 presents the calculated, simulated, and measured proper-
ties of the coils presented in Fig. 8. In the table, T stands for the
transmitter coil and R represents the receiver coil. Regarding the
resistance, for the transmitter coil, it was measured as 0.9 Q and
for the receiver coil, the resistance was about 0.5 Q. The calculated
self-inductance of the optimized transmitter coil was 3.38 x 107°H,
and the simulation result was 3.35x 107 H while the calculated
self-inductance of the optimized receiver coil was 1.39x 107% H,
and the simulation result was 1.41x107°H. The calculation
results and the simulation results of the self-inductance of the
transmitter coil were 9.8% and 10.6% smaller than the measure-
ment results, respectively. And the calculation result of the
self-inductance of the receiver coil was 12% smaller than the mea-
surement result, while the simulation result was 10.8% smaller than
the measurement result. At this position, the mutual-inductance of
the calculation and the simulation between the optimized coils
were 5.94x 1077 H and 6.01 x 1077 H, respectively. The calcula-
tion result of the mutual-inductance was 13.8% smaller than the
measurement result, while the simulation result was 12.8%
smaller than the measurement result. The quality factors of coils
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Fig.6 Design 3D coils: (a) the optimization process and (b) the lengths and resistances of coils and the power can be transferred

for each step in the optimization

were not high, mainly due to the large resistances introduced by the

silver ink.

approach and the approach introduced by Tao et al. [38], which sug-
gests to map a 2D design to the 3D ROI using UV mapping. To

For both the transmitter coil and the receiver coil, errors between
the calculation and the simulation results were small, which verified
the effectiveness of the proposed approach. However, errors were
slightly larger compared to the measurement results. This might
be caused by the manual filling process of the silver ink, where
the filled silver ink might not be uniformly distributed in the
grooves.

To further verify the proposed approach, we designed the trans-
mitter coil regarding a fixed receiver coil using both the proposed

make the two designs comparable, we set the center of both coils
at the same position and the power to be transferred as 0.1 W.
Figure 9 presents the transmitter coils designed by the two
approaches and Table 2 presents calculation results of both
designs. Regarding the length of coils, the coil designed by the pro-
posed approach was 0.230 m and the result of Tao’s coil was
0.277 m. The shorter length of coil (17%) suggested by the pro-
posed approach reduced the cost of silver ink and might free
more space in the ROI for other purposes. If both coils were

(6)
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056 . 2.4933E-03 5
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0.48 z 2.1244€-83
= 1. 9880E-03 =
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: 1. 8748E-0Y -

Fig. 7 Simulation results of a pair of optimized coils: (a) the relation between position and the power that can be transmitted and

(b) B-field of the IPT system
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Fig.8 Fabricated coils by direct printing: (a) the model with the groove, (b) the fabricated coils, (c) the IPT system, and (d) an LED
powered by the IPT system

manufactured with the same type of ink and had the same cross-
sectional area, the resistances of them were linearly correlated to
the lengths. Therefore, the resistance of the coil designed by the pro-
posed approach was also 17% smaller. Though the coil was shorter,
the power transmitted by the coil designed by the proposed
approach was larger (0.112 W) than that of Tao’s approach
(0.096 W).

4.2 Design the Inductive Power Transfer System for a
Shaver. To evaluate the potential of using the proposed 3D coil
design method in design, we redesigned a shaver by integrating an
3D IPT system with the desired power to be transferred as 1 W.
Figure 10(a) presents the original design of the shaver and holder,
where two surfaces were specified as the ROIs for the transmitter
coil and the receiver coil, respectively. In the design of the IPT,

Table 1 Measurement results of coils

T Error regarding the measurement R Error regarding the measurement
Resistance (calculated, in Q) 0.68 —24.4% 0.37 —25.6%
Resistance (simulated, in Q) 0.72 -20.0% 0.39 —22.2%
Resistance (measured, in Q) 0.90 - 0.50 -
Self-inductance (calculated, in uH) 3.38 -9.8% 1.39 —-12.0%
Self-inductance (simulated, in uH) 3.35 —-10.6% 1.41 —10.8%
Self-inductance (measured, in pH) 3.75 - 1.58 -
Quality factor (calculated) 3.13 19.5% 2.35 18.7%
Quality factor (measured) 2.62 - 1.98 -

Between 7 and R

Error regarding the measurement

Mutual-inductance (calculated, in uH)
Mutual-inductance (simulated, in pH)
Mutual-inductance (measured, in yH)
Coupling factor (calculated)

Coupling factor (simulated)

Coupling factor (measured)

Power transfer efficiency

0.59 —13.8%
0.60 —12.8%
0.69 -
0.27 -3.2%
0.28 -1.4%
0.28

8.5%
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Fig. 9 Transmitter coils designed by Tao’s approach and the
proposed approach

we set the voltage as 5 V and the load resistance as 5 Q. Figure 10(b)
presents the optimized 3D transmitter and the receiver coils. Here,
the length of the coil was 0.17 m for both the transmitter coil and
the receiver coil. Using this design, the IPT system was able to trans-
mit the power of 1.15 W according to calculation. In Fig. 10(c), the
simulation results of the 3D IPT are presented where the power can
be transmitted was 1.21 W. The absolute error of the power trans-
mitted between the calculation and simulation was 0.06 W (4.96%).

Table 3 presents the calculated and simulated result of the coils
presented in Fig. 10. In the table, T and R represent the transmitter
coil and the receiver coil, respectively. The calculated resistance of
the optimized receiver coil was 1.40x 107" Q and the simula-
tion result was 1.43x 10~ Q while the calculated self-inductance
of the optimized receiver coil was 1.42x 107" Q, and the simula-
tion result was 1.46x 10~ Q. Regarding the self-inductance, for
the transmitter coil, the calculated result was 3.08 x 107° H and the
simulated result was 3.15x 107° H, and for the receiver coil, the cal-
culated result was 3.39 x 107¢ H and the simulated result was 3.31 x

Table 2 Comparison between Tao’s approach and the proposed approach

Transmitter, by Tao’s approach

Transmitter, by the proposed approach

Change regarding Tao’s approach

Length (m) 0.28 0.23 —17.00%

Resistance (Q) 0.19 0.16 —17.00

Self-inductance (uH) 0.54 0.48 —11.10
Between transmitter and receiver

Mutual-inductance (nH) 11.37 9.67 —15.00%

Power can be transferred (W) 0.10 0.11 16.34%

(a)
ROI of
receiver

ROI of
transmitter

(c)

B [teslal

. 25B4E-83 . N\

. B254E-83
. 8903E-03
| 7553E-83
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. 3502E-83
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Fig. 10 Design the IPT system of a shaver using the proposed approach: (a) the CAD model of the shaver, (b) the 3D coil
generated on ROI of transmitter, and (c) simulation results of the optimized coils
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Table 3 Comparison between simulation and calculation

T Error regarding the simulation R Error regarding the simulation
Resistance (calculated, in Q) 0.14 —2.00% 0.14 -3.02%
Resistance (simulated, in Q) 0.14 - 0.15 -
Self-inductance (calculated, in uH) 0.31 —2.46% 0.34 2.48%
Self-inductance (simulated, in yH) 0.32 - 0.33 -

Between T and R

Error regarding the simulation

Mutual-inductance (calculated, in uH)
Mutual-inductance (simulated, in pH)
Coupling factor (calculated)
Coupling factor (simulated)

0.20
0.21
0.62
0.64

-3.25%

-3.23%

1078 H. The calculation results were 2.46% smaller than the simula-
tion results. And the calculation result of the self-inductance of the
receiver coil was 2.48% bigger than the simulation result. At this
position, the mutual-inductance of the calculation and the simulation
between the optimized coils were 2.00x 107" H and 2.07 x 10~ H,

(@) (6)

Hand splint

The hand splint

The printed liner

The coil with the line;

respectively. The calculation result of the mutual-inductance was
3.25% smaller than the simulation result.

4.3 Design an Inductive Power Transfer System for Hand
Splint. In this section, we present a case of integrating the IPT

Offset for internal trace
of the coil for printing

Middle trace of the coil

Offset for external trace

of the coil for printing:

The powered LED light

Fig. 11 A smart liner with an integrated IPT system for the hand splint: (a) the design of the hand splint, (b) the designed coil
using the proposed approach, (c) the printing process, (d) the printed receiver coil, (e) the printed liner with the hand splint,

and (f) power an LED light
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system into personalized product design using conformal printing
techniques. The case was set to print a smart soft liner of a hand
splint for measuring physiological parameters of the hand, e.g.,
the skin temperature. Figure 11(a) presents the design of the hand
splint, which follows the 3D scan of the hand. As the liner is
often made of soft materials and put in-between the splint and the
skin, we took the shape of the hand and the forearm as the design
space of the receiver coil. A flat table was taken as the design
space of the transmitter coil and the relative position between two
design spaces was set to be that the arm was put on the table with
the palm facing upwards. With these two design spaces and by
setting 0.1 W as the desired power to be transferred, the receiver
coil was generated using the proposed method as shown in
Fig. 11(b). Using LSCM, we mapped the 3D design to 2D and
printed the coil on soft thermoplastic polyurethane (TPU) film
using a Voltera electronics printer. The coil trace was printed by
Voltera FLEX 2 ink using a 225-uym nozzle. The dispense height
was set as 0.16 mm for the flexible TPU film. And the feed rate
of the nozzle was set as 500 mm/min. After printing, the substrate
with the printed trace was cured at 60 °C for 20 min. Figure 11(c)
shows the printing process and in Fig. 11(d), the printed receiver
coil is presented. In Fig. 11(e), the printed liner (with the receiver
coil) was put in the hand splint. As this form, the self-inductance
of the coil was measured as 1.01x107° H, which was 6.93%
smaller than the calculation result (1.08x 107 H). In Fig. 11(f),
we demonstrated the effectiveness of the printed receiver coil by
powering an LED. In this experiment, the error between the calcu-
lation and the measurement results was much smaller, mainly due to
that the coil was digitally fabricated by the electronics printer.

5 Conclusion

In this paper, we presented a computational design approach for
designing 3D coils for IPT. Compared to the traditional design
method, the coils are designed and optimized in 3D directly with
the consideration of the electromagnetic constraints. Simulation
and experiment results show that the proposed approach can be a
useful method in minimizing the size as well as reducing the use
of materials, both contribute to a more efficient design.

Current research is focused towards two directions of printing the
designed coils for different applications. In the first direction, we are
working on multi-layer conformal printing using thermoforming
[49] to increase the power that can be transferred. At the second
direction, we are exploring the possibilities of directly printing
the 3D coils using 3D printed electronics.
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