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This article presents experimental validation of a generalized equivalent two-port model for a
magnetoelectric-based wireless power transfer system (WPTS) that utilizes a circular multi-turn coil as a
transmitter, with a focus on potential application to biomedical implantable devices. The central objective
of the work is to investigate the performance of the power delivered to a resistive load under uncer-
tainties in magnetoelectric receiver position and orientation. In addition, the effects of a non-uniform
applied magnetic field are considered. For the particular experimental system being studied, a maximum
transferred power of 491 mW is obtained at a distance of 3 cm between the centers of the coil and
the magnetoelectric (ME) transducer, in which the corresponding magnetic flux density is 225.8 uT. As
the distance increases to 6 cm, the generated power drops to 1.97 mW. Furthermore, we find that the
output power is proportional to the squared cosine of the misorientation angle, compared to the power
achieved at the nominal (zero-angle) position. Meanwhile, as expected, the delivered power is less sen-
sitive to misalignment since the width of the receiver is relatively small in comparison with the diameter
of the transmit coil. In general, the power produced at the load is a quadratic function of the effective
magnetic field that is projected onto the operating direction of the ME laminated composite (i.e., the
longitudinal axis in this case). All findings are expected to provide a universal comprehensive picture of
the dynamics and performance of the ME WPTS. The presented device concept could open an alternative
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pathway for powering implants.
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1. Introduction

The Internet of Things (IoT) for healthcare has received world-
wide research effort for many biomedical applications such as
health monitoring and therapeutic treatment of dysfunctional
organs. Healthcare activities based on wireless sensor networks
provide secure transmission and reception of medical signals both
for early diagnosis and for real-time observation of health status
[1,2]. A well-known early implant is a cardiac pacemaker, which is
installed in the heart through surgery to manage irregular rhythm,
for instance, tachycardia (too fast) or bradycardia (too slow) [3]. In
the last decades, the rapid progress of implantable medical devices
(IMDs) has seen extraordinary growth to have functionality and
packaging proper for biological implantations [4]. However, almost
all IMDs so far have been powered by batteries that occupy the
majority of space in an implanted system, posing a challenge to
effort to miniaturize the entire implanted system. The battery has
to be replaced or recharged regularly due to its limited lifetime. In

E-mail address: Binh.D.Truong@utah.edu (B.D. Truong).

https://doi.org/10.1016/j.sna.2020.112269
0924-4247/© 2020 Elsevier B.V. All rights reserved.

order to increase the longevity of IMDs, efforts to power the implant
by alternative contactless means has become more prevalent. Cen-
tral to this ongoing advancement is wireless power transfer (WPT)
[5]; a technology that offers not only long-term sustainability but
also greater flexibility, reliability, and safety [6,7].

A wireless power transfer system (WPTS) enables the biomedi-
cal implant by wave transmission through the air and multi-layer
tissue media. The WPT methods are generally categorized into
two schemes, near-field and far-field, depending on the operat-
ing frequency and the transfer distance between the transmitter
and receiver [8]. In lossy dielectrics (e.g., skin, fat, and muscle), the
far-field waves suffer from significant path loss as a result of high
energy absorption [9]. Furthermore, the higher frequency waves
used in far-field transmission, resulting in higher energy absorption
in human tissue, are potentially more harmful to the human body,
and so are more tightly limited by standard regulations [10-13].
By contrast, near-field systems are more efficient (i.e., lower power
dissipation) in lossy media [14], and therefore are generally more
suitable for bio-implantable applications.

Two well-established methods using electromagnetic fields are
inductive coupled resonators [15,16] and electrodynamic coupling


https://doi.org/10.1016/j.sna.2020.112269
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2020.112269&domain=pdf
mailto:Binh.D.Truong@utah.edu
https://doi.org/10.1016/j.sna.2020.112269

2 B.D. Truong, E. Andersen, C. Casados et al. / Sensors and Actuators A 316 (2020) 112269

TS —» and * : Magnetization and Poling directions L
: I — 7 fy 43 ’
g tm+ f I—»l
: i vor
* e
=

Fig. 1. Schematic of the WPTS utilizing a circular multi-turn coil as a transmitter and a magnetoelectric (ME) transducer as a receiver. The geometric dimensions of the ME
laminated composite are included. (x, y, z) and (1, 2, 3) are the global and local coordinates, respectively.

[17,18]. The latter is referred to here as the magneto-mechano-
electric (MME) mechanism. Each technique has its own merits and
drawbacks. The typical operating frequency of a resonant inductive
coupling (RIC) system is in a range of MHz, which limits the maxi-
mum allowable magnetic flux density (B-field) that can be applied
to humans. By contrast, MME devices operate at much lower fre-
quencies which allow them to be exposed to much higher field
strengths. For instance, the permissible B-field at 1 kHz is ~300
1T, in comparison with 0.29 uT at 6.78 MHz, according to [12,13].
However, the weak coupling between the magnetic and mechanical
domains of the MME resonator, which is realized by the interac-
tion of a permanent magnet and the B-field, results in extremely
low transmission efficiency. In order to overcome the limitations
of those architectures, in this work, we introduce an alternative
WPTS that utilizes a magnetoelectric (ME) transducer as a receiver.
This approach manifests a higher coupling than MME structures
and requires lower frequencies than RIC systems; therefore, it is
possible to transfer energy into an implanted medical device more
efficiently (than MME transducers) and at higher magnetic fields
(than RIC) without violating the safety standards.

In practice, the position and orientation of IMDs cannot be per-
fectly controlled. Furthermore, it is almost impossible to generate
a uniform B-field throughout the space from the transmitter to
the receiver. Any variations in the receiver location may lead to a
significant drop in the delivered power, making it insufficient for
powering the IMDs. Thus, comprehending the effects of the field
non-uniformity, device misalignment and misorientation is essen-
tial. These influences were thoroughly investigated for RIC and
acoustic power transmission systems [19,20]. However, there has
been no such a study on the ME WPTS in the literature. Addressing
all of these concerns is the central objective of the article.

In a previous work [21], we presented in detail a two-port model
for the receiver (a ME transducer), with an assumption that the
external B-field is ideally uniform along the length of the lami-
nated composite. To verify the model predictions, a Helmholtz coil
was utilized as a transmitter, and the ME resonator was located at
its center. In contrast, in this paper, the developed model is further
generalized and validated for the case where a non-uniform mag-
netic field is employed. By making use of a circular multi-turn coil
as a transmitter, the effects of the coil geometry on the distribu-
tion of the B-field now cannot be disregarded. Understanding the
performance of a complete structure that takes into account the
dynamics of both transmitting and receiving sides is important to
design an optimal system and bridge the gap between ideal oper-
ation and realistic scenarios. With the aim to power low-power
bioelectronics, we treat the actual transferred power as a key fac-
tor of the investigation, while leaving the transfer efficiency open
for further consideration.

2. Device concept and Equivalent circuit model

Different from a RIC architecture, in which the magnetic energy
is captured on the principle of Faraday’s law of induction, a ME

Ir,:1
p >
C_’ Fy 14 §RL

Co—

Fig. 2. Simplified equivalent circuit model for free-free ends configuration.

WPTS first converts the magnetic waves to mechanical vibrations
through the interaction between the field and magnetostrictive
material. The kinetic energy is then transformed into electrical
energy at the final stage of conversion due to the piezoelectric
effect. The overall ME coupling is dependent on not only the
receiver geometry but also the intrinsic properties of materials
in use. This characteristic could provide more degrees of freedom
for transducer design and optimization in order to achieve a given
desired power.

Fig. 1 shows the WPTS that is under consideration, in which
a ME transducer is utilized as a receiver while a circular multi-
turn coil is a transmitter. The ME laminate used for this study is
composed of one PZT layer placed in between two Galfenol layers,
bonded together by a conductive adhesive. The magnetostrictive
material is magnetized in the length direction while the piezoelec-
tric phase is poled in the thickness axis. The geometric dimensions
of the ME generator are defined as in the figure; L, w, tm and tp are
the beam length, width, and thicknesses of the two phases. (x, y, z)
are the system global coordinates while the material local axes are
denoted as (1, 2, 3). The positive z-axis is coming out of the coil
plane towards the ME laminate. The transmitter can be modeled
as a thick coil that uses the current density instead of the current
itself in order to eliminate the number of turns.

Under an external AC magnetic field (H-field) applied along
the z—axis, a strain is induced inside the magnetostrictive mate-
rial, which is then transferred to the piezoelectric layer through
the bonding interfaces. As a consequence, the entire composite
structure vibrates along the length direction, which is also the
local axis 3 and 1 of the magnetostrictive and piezoelectric phases,
respectively. Since the magnetization and polarization vectors are
in parallel with the 3—direction, Galfenol and PZT operates in the
longitudinal (d33,m) and transversal (dsq ) coupling. The power
generation capability of the ME WPTS is evaluated by measuring the
voltage across a resistor that is connected to the output terminals
of the ME receiver.

The equivalent circuit model of the free-free configuration is
shown in Figure 2, which was derived and experimentally validated
in [21] under the condition that the applied magnetic flux density
is uniform. Here, Fy = I'mHg cos(wt) is the equivalent force input to
the mechanical domain where I'y, is the magneto-elastic transduc-
tion factor. The excitation magnetic field is sinusoidal with angular
frequency w, Hac = Hg cos(wt). We denote Z and b as the mechanical
impedance and damping coefficient, respectively. I'j is the elec-
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tromechanical transduction factor, Cy is the nominal capacitance
of the piezoelectric resonator, and V is the voltage generated on
the resistor Ry.

The model parameters are given by

d
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where k is the interface coupling coefficient representing the strain
percentage transferred to the piezoelectric material from the mag-
netostrictive layers,
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The definitions of the material properties are as follows. pp and pm
- mass densities of the piezoelectric and magnetostrictive phases,
respectively. s$1 - elastic compliance of the piezoelectric material
under constant electric field. d3; , - transverse piezoelectric charge
constant. 653 - dielectric permittivity under constant stress. 623 -
permittivity component at constant strain with the plane-stress
assumption of a thin narrow beam (i.e., €5; = €I, — d%LP/SIfl )- sk
- elastic compliance of the magnetostrictive material at constant
magnetic field. d33 , — piezomagnetic constant. “§3,m - magnetic
permeability at constant stress.

Based on the derivations presented in [21], the two-port model
is now generalized for the case of a non-uniform external mag-
netic field and an arbitrary position of the ME receiver. The complex
amplitude of the open-circuit voltage, Ry, — +oo, is determined as

i) 1—‘p 1—‘m<HO>

= Co jo(Z+b)+ AK )

where AK = F%/Co and (Hp) is the effective H-field amplitude.
Denoting H; as the projection of the total magnetic field acting on
an infinitesimal mass element m; onto the length direction of the
laminated composite, (Hp) is then averaged over the entire volume
of the magnetostrictive material,

N
1
(Ho) = NzHi (10)
i=1

where N is the number of computational samples. The ME coeffi-
cient is defined by the rate of change of the open-circuit electric

field E?,’oo in response to the applied magnetic field A3,
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where the subscript {3} denotes the local coordinate of both piezo-
electric and magnetostrictive phases, and Z = jwZ is a real function
of the drive frequency w,
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ane is independent of the applied magnetic field, but it is a function

of operating frequency.
The power delivered to the load is derived as
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where 7 = CyR| is the electrical time constant, and
1 N
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Validating equations (9), (11) and (13) are the main objectives of
the article, taking into account the effects of non-uniform H-field,
alignment and orientation.

3. Experimental validations
3.1. Experimental setup

Figure 3 shows the complete electrical setup to evaluate the
output power of the ME WPTS. A single-coil, connected to an E&I
210L RF power amplifier, is used as a transmitter that generates a
magnetic field as a means of power transmission. The receiver is a
ME laminated composite, consisting of one PZT-5A and two TdVib
Galfenol layers. The two materials are bonded together by EPO-TEK
H20S, a conductive epoxy. Two rectangular K&] neodymium mag-
nets are placed above and below the ME transducer to produce a
DC magnetic field (as a bias) for its operation. The drive frequency
and the power input to the transmitter are controlled by a Tek-
tronix function generator. The output voltage is measured with a
Tektronix 10 M2 probe and collected by a Tektronix oscilloscope.
In experiments, the average transferred power is determined by

1 [T v
P:T/o Rt (15)

where V(t) is the waveform taken over a sampling period of time T.
Under the open-circuit operation, R — +oc and P — 0. A 10-MQ
probe is used for approximating the open-circuit output voltage.
All the model parameters are extracted from [21] and are listed in
Table 1. This same set of constants is utilized to validate all fol-
lowing cases. The damping coefficient is computed from a damped
harmonic oscillation of the measured open-circuit voltage. The
interface coupling, which relates the strain transfer between the
two phases (magnetostrictive and piezoelectric), is estimated by
fitting the predicted anti-resonance frequency to its experimental
value.

3.2. Open-circuit voltage and magnetoelectric coefficient

The ME coefficient, apg, is the most widely used factor for
evaluating the performance of a ME transducer as it shows the
direct relation between the induced electric field and the applied
magnetic field. While aye is a material-oriented criterion, the
open-circuit output voltage is the actual physical parameter that
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Fig. 3. Sketch of the electrical setup for measuring the power transferred to the load, including the experimental prototypes of the transmitting coil, the ME receiver and its

close-up view.
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Fig. 4. Frequency responses of the open-circuit voltage V., and the ME coefficient
ayme: Comparisons between the experimental data and simulation results. Unit con-
version of magnetic field: 1 A/m = 47 x 107> Qe.

magnetic field sensing applications concern. Therefore, it is worth-
while to investigate these aspects, although they are not the main
aims of the work.

As proven in [ 18], operating an electromechanical-based WPTS
at its anti-resonance frequency together with the corresponding
optimal load is the most convenient method to approach the power
transfer limit (i.e., the maximum power available at the mechanical
domain). The anti-resonance frequency fi, also known as the open-
circuit resonance frequency, can be determined by considering the
frequency responses of the open-circuit voltage amplitude V,, that
are presented in Figure 4. A magnetic field sensor (model MC110A)
is used to measure the B-field amplitude generated by the trans-

mitter at f = f;. The obtained results are f; = 70.47 kHz, By = 240.5
uT and max{V} = 10.10 V. Note that, the impedance of the trans-
mit coil is a function of frequency. Hence, given the same source
voltage, the input current decreases with respect to the increase of
the operating frequency, which hence reduces the B-field strength.
However, for the particular transmitter and frequency range in use,
this effect can be neglected. In the simulations, the same value of

Bg is employed and V., is calculated as Vi, = |V | with Vo given
in (9). The measured capacitance of the PZT layer is Cy = 2.95 nF.
A comparison between the experiments and predictions shows
a good agreement. The frequency performance of the ME coeffi-
cient is included in the same figure, in which a max{oyg} = 41.17
Vem~10e~! is attained at the anti-resonance frequency.

Inorder to investigate the alteration of V,, over the change of the
relative distance between the transmitter and receiver, we first use
an analytical model of a thick coil to generate a map of the mag-
netic field strength along the coil centerline (x, y, z)=(0, 0, z).
The model is reliable for further studies as it was both numeri-
cally and experimentally validated [22,23]. This method relaxes the
demand for the precise measurements of the H-field with a large
number of sampling points (i.e., N in (10)) over a short distance
range, which is challenging to implement due to the large size of
the magnetic field sensor (MC110A). A summary of the theoretical
formulation developed in [23] is presented in Appendix A.

Applying equation (18) for the transmitter and receiver geome-
tries in Table 1, we find that, given the same z, the variation of the
magnetic field in the longitudinal direction, H,(x, y, z), is negligi-
ble for x* € [x —w/2, x+w/2] and y* € [y —t/2, y +t/2] where
t =tp + 2ty is the total thickness of the ME laminate. In other
words, Hz(x*, y*, z) ~ Hy(x, y, z). Meanwhile, at the same x and y,
the non-uniformity along the z-axis is more significant and cannot
be neglected, H,(x, y, z*) #+ Hz(x, y, z) for z* € [z—L/2, z+L/2].
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Table 1

Coil parameters, material properties and magnetoelectric transducer geometries.
Parameters Value

Transmitter
Inner radius, ry 7.78, cm
Outer radius, r, 8.35,cm
Lower height, z; —1.65, mm
Upper height, z, 1.65, mm
Number of turns, N¢ 9
Wire diameter, dy, 1.291, mm
PZT-5A4E

Elastic constant, YF, 66, GPa

Elastic compliance, st 1/YE, m?/N
Piezoelectric constant, d3; ~190 x 1072, m/V
Dielectric permittivity, e§3 /€0 1800

Mass density, pp 7800 kg/m3
TdVib Galfenol

Elastic constant, Y1, 40, GPa

Elastic compliance, st, 1/Y%, m?/N

Piezomagnetic coefficient, d33 m 7.77 x 1072, Whb/N
Magnetic permeability, i3, /1o 100

Mass density, pm 7800, kg/m?
Receiver Geometry

PZT thickness, t;, 1.02, mm

Galfenol thickness (each layer), tm 370, um

Total thickness, to = tp + 2tm 1.76, mm

Laminated composite width, w 10, mm

Laminated composite length, L 20, mm

Mechanical characteristics

Damping coefficient, b 4.22,Ns/m
Interface coupling, ¥ 62.2%
300F==— T
SN = Experiment: By = 240.5 [pT)
- 200F AN L == Thick coil: analytical model ]
3: 2z =23 [cm)] " N
9 100} R T ]
0 .
0 5 10 15

z [em]

Fig. 5. Magnetic flux density amplitude By: Measured value at z = 3 cm and those
obtained by the analytical model of a thick coil.

Therefore, for the sake of simplification, we only consider the
change of the H-field with respect to z without compromising the
final results.

Figure 5 shows the profile of the magnetic flux density strength
along z. The current flowing into the transmitter coil (I in (18))
is adjusted, such that the simulation and experimental results of
Bp at z=3 cm are identical. Figure 6 presents the influence of
the non-uniform magnetic field on the open-circuit output volt-
age. The effective H-field amplitude (Hp) is averaged over the
length of the ME transducer with N = 2000, based on the predic-
tion data obtained in Figure 5. The operating frequency is at the
anti-resonance frequency, f = f;. The experimental and simulation
results (marked by solid red dot and blue square, respectively) are in
good agreement. In addition, we observe that V, can also be antic-
ipated with the use of the H-field amplitude at the origin of the ME
receiver instead of (Hp), while not compromising the accuracy of
the theoretical model. In this case, we assume that the H-field is
distributed uniformly over the volume of the beam. This finding is
explained by the fact that the size of the receiver is relatively small
compared to that of the transmitter. Hence, the applied H-field
varies almost linearly from one end to the other end of the ME

5
15
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—— Simulation: Assuming uniform B—field
10f
=
of
5 L
G i
0 5 10 15

z [cm]

Fig. 6. Effects of non-uniform magnetic field on the open-circuit voltage along the
z direction. Note, (Bg) = 140 (Ho)-

By = 225.8 [uT]

E
A
A
(=]
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=
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=
o
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GO 2 4 6 8 10

Load resistance, Ry, (k€]

Fig. 7. Output power with respect to load resistance: Comparison between exper-
imental data and simulation results. The drive frequency is kept fixed at the
anti-resonance frequency f = f; = 70.47 kHz, for all measurements.

laminate, which allows us to approximate (Hg) by the value of Hy
taken at the beam center. This statement may not hold in general.
However, it is applicable to a smaller receiver (e.g., which is in a
dimension of mm or m) with the same or similar transmitter used.

It is important to note that o is only a function of the consti-
tutive material properties and the operating frequency. Therefore,
ame achieves the value of 41.17 Vem~10e~! and is unchanged for
all V,, seen in Figure 6.

3.3. Transferred power

The most important goals of the paper are to validate equation
(13) and to assess the maximum power transferred of the ME WPTS
under the effects of the field non-uniformity, misalignment, and
misorientation. These concerns are to be addressed in this section.

Following the principle of impedance matching to optimize the
delivered power, the load resistance is varied to experimentally
determine its optimum, as shown in Figure 7. The drive frequency
is set at the anti-resonance frequency f;. Under a B-field ampli-
tude of By = 225.8 1T, a maximum output power of max{P} = 4.91
mW is attained with the optimal load of Ry _qp; = 2.2 kS2. The dif-
ference between the experimental and predicted data is negligibly
small. For a low coupling between the magnetic and mechanical
domains, Ry _opt is isolated from the impedance of the thick coil.
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Fig. 8. Effects of non-uniform magnetic field on the power delivered to the load in
the z—axis. Conversion: (B2) = (Lo (H3).

Meanwhile, f; is only dependent on the natural mechanical char-
acteristics of the laminate and the electromechanical coupling. The
pair of (fi, Ri_opt) is unchanged against the receiver location or the
applied magnetic field, which is hence utilized for the remaining
investigations on the performance of the ME WPTS in this Section.

Figure 8 shows the responses of the output power to the
decrease of the applied B-field when moving the ME generator
away from the transmit coil. Similar to estimating (Hp), the effective
H-field amplitude squared (H(Z)) (or (B(Z)), equivalently) is computed
from equations (14) and (18) with N = 2000. The characteristics
inferred from analyzing V, in Figure 6 still hold true and are appli-
cable to the transferred power P; in which using Hé acquired at the
ME transducer center (with an assumption of uniform magnetic
field distribution inside the magnetostrictive material) is sufficient
to describe the dynamics of P. The simulation results in both cases
follow closely with those of measurements. In a general trend, the
received power decreases faster at a distance range that is closer
to the transmitter; it is coincident with the property of the B-field
produced by the thick coil. At z = 3 cm, P = 4.89 mW, and when z
equals to the diameter of the transmit antenna, z ~ 15 cm, P drops
to nearly zero.

In order to quantify the influence of the alignment between the
transmitter centerline and the longitudinal axis of the ME lami-
nate to the behavior of the generated power, we adjust the location
of the receiver only in the x-direction (y = 0) while keeping it at
a fixed distance of z = 4 cm from the coil origin. The experimental
and simulation dataforx € [-10, 10] cm are compared in Figure 9,
which, overall, are in good agreement. The discrepancy observed
in the right-hand side of the figure could be due to the imperfect
symmetry of the coil that might occur during the winding process.
Despite that, the model is still able to capture the main essence of
the considered system. Note that, at x = 0, the corresponding power
is Py, = 3.85 mW, which is identical to that measured at the same
gap of z =4 cmin Figure 8. There is a certain range of the misalign-
ment, x € X = [—Xc, Xc], such that P/Py, > 90 %. The specific value
of x. depends on z. The set X is broader at smaller z and becomes
narrower with an increase of z. In the case of z = 4 cm, xc /rc ~ 1/2
where . is the coil radius and rc = (ry + r;)/2. Comparing the whole
span of X to the width of the laminate, we get a ratio of 2x./w ~ 8,
which means the receiver can be located in a space that is much
bigger than its size without losing any significant power. However,
outside this region, P is sensitive to the alignment error and reduces
substantially with only a small further increase of |x|.

Figure 10 shows an experimental setup for evaluating the effects
of the orientation angle 6 on the output power P, in which the ME
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Fig. 9. Effects of alignment on the output power with respect to the lateral position
(x—axis). The distance between the transmitter and receiver centers is z = 4 cm. The
B-field amplitude at x = 0 cm is By = 197.2 uT.

receiver is rotated about the global coordinate x at its origin O;. An
experimental example with 6 = 20° is depicted. The relative loca-
tions of the two permanent magnets and the laminated composite
are fixed, such that the DC bias field strength is kept unchanged
during the measurement.

Let us consider a magnetic field vector that is oriented with
the z-axis, H;. The effective H-field acting on the magnetostric-
tive material, which is a projection of H, onto the length direction
of the transducer, is given by

Hy = H; cos6. (16)

Denoting the power delivered to the load at the nominal position
(i.e., 8 = 0) as Py, based on equations (13) and (16), the generated
power for an arbitrary angle can be written as

P@ =P()(COS¢9)2. (17)

It is apparent that, Py — Pgas 6 — 0and Py — 0if 6 — 7/2 (or 90°
equivalently). The accuracy of the prediction by (17) is presented
in Figure 11, in which the measured and simulated data are nearly
identical for all 6 € [0, 7/2]. In this case, the nominal power is
Py =4.89 mW, attained at z = 3 cm. Since the ratio Py/Py is only
dependent on 6, and not z, equation (17) is simple but efficient to
anticipate the behavior of the induced power with respect to the
misorientation angle.

4. Discussion

As the validity of the complete system model has been demon-
strated in previous sections, we proceed with further analysis.
The direct influence of the transmitter geometry and configuration
on the generated power are of interest. In particular, attempts to
reduce the effects of the field non-uniformity and the misorienta-
tion are theoretically considered.

] ” ” & (F—rcos)f
Hy(r, 2) = E/ / / - 4 5 drdpdz
n o Jer Yz (r24+F —2rfcos@+(z-2) )
I

where J =

(18)

(2 —z1)(r2—11)"

Figure 12 shows the change of the power delivered to the load
along the transmitter center axis, (X, y, z) = (0, 0, z), with differ-
ent radii of the transmitting coil, r¢/2, rc and 2r. where r is the
nominal radius of the coil currently in use in experiments. For this
comparison, the (effective) input current I is altered accordingly
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Fig. 10. Experimental setup used for investigating the effects of the orientation between the longitudinal direction of the ME transducer and the centerline of the transmit

coil. The ME laminate is rotated about the x—axis while O is kept fixed.
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Fig. 11. Effects of the orientation of the receiver to the transmitter on the out-
put power. The transmitter-to-receiver distance is z =3 cm. At 6 = 0, the B-field
amplitude is By = 225.8 uT.
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Fig. 12. Effects of coil radius on the power delivered to the load with respect to the
transfer distance z, assuming perfect alignment and orientation, x=y =0, 6 = 0.
P|,—o are identical for all three cases, and rc = (17 +12)/2 = 8.07 cm.
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Fig. 13. Comparison of transferred power for different coil radii with the same arbi-
trary input current, characterized by the ratio P/P; where P; is the output power of
the current coil design used as a reference power. r. = (1 +12)/2 = 8.07 cm, and P;
is also a function of z.

to keep the B-field strength produced at z = 0 identical. In general,
the transferred power drops faster with smaller coils as the transfer
distance increases. However, bigger coil requires higher I to gen-
erate the same By|,_o, and the change (increase or decrease) of I is
proportional to that of the radius. For instance, doubling r. leads
to a doubling of I. Therefore, a trade-off between the coil size and
input current needs to be balanced in an effort of minimizing the
effects of the field non-uniformity on the output power P.

In another perspective, we now consider the behavior of P with
respect toz when the input current I is set to be equal at an arbitrary
value, regardless of the coil radius. The obtained results are shown
in Figure 13 for three coil radii, in which the power corresponding
to the current design of the transmitter is chosen as a reference, P;.
In order to maximize the power transferred to the load, the choice
of the coil diameter depends upon the transfer distance. At close
range, a smaller coil is more suitable with higher power generated.
However, a bigger coil is preferable for a larger transfer range. This
universal tendency is less apparent in a RIC WPTS when a small coil
may not give any benefit to the received power at a short separation
[24].

Figure 14 presents the simultaneous influences of the trans-
fer distance and the orientation angle on the delivered power,
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Fig. 14. Combined influences of both the transfer distance and orientation on
the actual power delivered to the load, characterized by the ratio P/Py where
Po = Ply_y_;-0,6-0 is the power obtained at the transmitter origin O without any
misorientation.

expressed by |0] and two normalized parameters P/Pg and |z|/r¢,
where the reference power and coil radius are P = Ply__,-0, 90
and re = (11 +12)/2 = 8.07 cm, respectively. The input current, I, is
the same as used for Figure 8. As an apparent trend, any increase of
either |z| or |#| € [0, 7r/2] results in a significant drop of the output
power. The combined effects even lead to a faster decrease of P.
Moreover, the contours (also known as level sets) in the z — 6 plane
show that there exist different positions of the ME receiver yielding
the same power.

Due to the characteristic shown in (17), a possible configu-
ration to reduce the effects of misorientation is to utilize two
transmitting coils electrically connected in series such that their
center lines are perpendicular to each other and approximately
intersect at the location of the receiver. Under this circum-
stance, only one input current I is required for operation, and
the obtained power becomes Py = Pycos?(6) + Pycos?(/2 — 0) =
Pocos?(0) + Pé)sinz(@), where Pg and Pj are the nominal power at
zero-distance corresponding to the two transmitters (z = 0 and
Z' = 0). Especially, if z ~ Z/, Py ~ P}, and as a consequence, Py ~ Pg.
However, the power losses increase due to the series parasitic resis-
tance of the second inductor, which might lead to a decrease in the
transfer efficiency. If the two coils are identical, the total power
dissipated in the stray resistances is double that of when using one
single transmitter. It should be noted that the efficiency of a ME
WPTS is rather low, ~0.12 % as reported in [21]. However, for many
low-power systems such as wireless sensor networks, efficiency
may not be the key factor of interest, but the actual delivered power
instead.

The maximum possible received power is bounded by the power
input to the mechanical domain, and is determined by Pay =
F&/(Sb), where Fj is a product of the magnetic field amplitude Hy
and the electrodynamic transduction factor I'y,. For a given distance
z and input current I, Hy is merely dependent on the dimension of
the transmitting coil, and I'yy, is only a function of the geometry and
material properties of the magnetostrictive phase. Thus, Fy (and
accordingly, Payt) can be maximized by optimizing the transmit-
ter and the receiver independently. On the contrary, the magnetic
induction between two coils of a RIC WPTS is modeled by a mutual
inductance M that simultaneously depends on both coil geome-
tries [25]. Therefore, this approach is more challenging to apply
for RIC architecture. Furthermore, while the conventional receiver
antenna relies on the electromagnetic wavelength, a ME antenna

Z P
2 e

22

v

Z]

2

Fig. 15. Geometry of a thick coil carrying a uniform current density. Here, I is the
current flowing in the coil.

is not limited by the size of an electromagnetic wave. It hence
can be much smaller than the state-of-the-art antenna designs
[26]. This critical fact could lead to dramatic miniaturization of
the implanted receiver. As a ME WPTS usually operates at a low-
frequency range (« 1 MHz), the human body is nearly transparent
to the applied magnetic field [27]. The energy absorbed by the tis-
sues and the frequency shift phenomenon are negligible. All these
advantages make the ME transducer a promising alternative solu-
tion to the RIC WPTS and pave a new way for powering biomedical
devices.

Subject to the IEEE safety standards [10,11], at 70.47 kHz the
largest allowable amplitude of the B-field that can be applied to
humans is 205 uT. With the same operating frequency and max-
imum magnetic field strength, the system under investigation is
able to transfer up to 4.16 mW to a load resistance (which is equiva-
lent to 3.85 mW with 197.2 uTas shownin Figure 9). This amount of
power is sufficient to supply most of the biosensors. These observa-
tions further enhance the potential use of a ME WPTS in biomedical
applications.

5. Conclusions

We have investigated how the non-uniformity of the applied
magnetic field, and the misalignment/misorientation between the
transmitter and receiver, affect the maximum power transferred to
the load. The analytical models for both transmitting and receiv-
ing sides presented in this work were proven to be sufficiently
and consistently accurate to capture the fundamental dynamics
of the ME WPTS under consideration. The spatial distribution of
the magnetic field generated by the transmit coil is the most
important factor, as it determines the capability of the power trans-
mission for a given ME transducer. The output power is more
sensitive to the change of the orthogonal distance from the ME
laminate origin to the coil plane than to the variation of the align-
ment in parallel with the coil diameter. We also found that the
delivered power is proportional to the squared cosine of the ori-
entation angle. The findings were validated by different sets of
experiments.

For small-scale ME transducers used in implantable biomedical
applications, as long as the effective B-field at the receiver loca-
tion is maximized (subject to some safety constraints), the field
uniformity is not essentially required.
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Appendix A. Magnetic field produced by a thick coil with
rectangular cross section [23]

Figure 15 shows the geometric dimensions of a thick coil that
carries a uniform current density J. In particular, r; and r, are
the inner and outer radii, z; and z, are the lower and upper
heights. Usually, z; = —z, = t./2 where t. is the total thickness of
the coil. Without losing the generality, the cylindrical coordinates
are used to describe the magnetic field in the z-direction, denoted
as Hy(r, z), which is of our interest in this paper. Another formula-
tion with the Cartesian coordinate system was presented in [22].
Both approaches give the same results, thus which formulation to
choose is a matter of convenience, not of physics. The role of the
r—axis is now the same as that of x- or y—coordinate in Figure 1. The
analytical solution of H,(r, z) is expressed in equation (18), where

7, @ and Z are the integration variables, ¢1 = 0 and ¢, = 27. This
three-dimensional integral can be numerically computed by the
function [integral3] in MATLAB.
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