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This article presents a thorough analysis and an equivalent circuit model of a wireless power
transfer system utilizing magnetoelectric (ME) effects. Based on two-port theory, explicit
analytical solutions of, (i) the ME coefficient cpg (defined by the derivative of the generated
electric field with respect to the applied magnetic field), and (ii) the power transferred to a load
resistance, are derived and rigorously validated by experiments. The compact closed-forms of
the optimal load and its corresponding maximum output power are developed. In our particular
experimental system, a power of ~10 mW is attained at an applied magnetic flux density of
318.9 uT with a laminated composite made by two Galfenol and one PZT layers. While g is
widely used in the literature as a standard criterion to evaluate the performance of a ME
transducer, we reveal that larger ayg does not always ensure higher optimum power delivered to
the load. Instead, we quantify the essential influences of each magnetostrictive and piezoelectric
phases on the maximum obtainable power. We show that the transduction factor between the
magnetic and mechanical domains is often more critical for power optimization than the
mechanical-electrical transduction factor as it determines and limits the maximum power

available for transfer to a resistive load.

Keywords: wireless power transfer, magneto-electric effect, longitudinal vibration,

equivalent circuit model, power optimization
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1. Introduction

Wireless power transfer (WPT) with a focus on biomedical
applications has received significant attention recently as it
provides the promise of a safe approach to deliver power
to implantable medical devices (IMDs). Resonant inductive
coupling (RIC) wireless power transfer systems (WPTS) are
perhaps the most prevalent technology to realize this vision.
However, as the size of IMDs decreases, RIC systems may
be less successful because of the need to operate at high fre-
quency, which results in high attenuation in soft tissue. In addi-
tion, subject to the International Commission on Non-Ionizing

1361-665X/20/085053+15$33.00

Radiation Protection (ICNIRP) Safety Standards [1, 2], the
maximum allowable amplitude of the magnetic flux density
(i.e. B—field) that can be applied to humans is restricted by the
driving frequency. For example, largest permissible B—field at
6.78 MHz is 0.29 T whereas at 100 kHz it is 100 uT. These
safety constraints reduce the potential of RIC approach when
applied to very small biomedical systems.

Low-frequency near-field techniques are attractive alternat-
ives to RIC for powering biomedical devices. Electrodynamic
(ED) and Magneto-Mechano-Electric (MME) WPT systems
were proposed and thoroughly investigated, including both lin-
ear and rotational vibration [3—6]. In these mechanisms, either

© 2020 IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-665X/ab90a2
https://orcid.org/0000-0001-7108-4713
mailto:Binh.D.Truong@utah.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-665X/ab90a2&domain=pdf&date_stamp=2020-07-21

Smart Mater. Struct. 29 (2020) 085053

B D Truong and and S Roundy

an electromagnetic transducer or a piezoelectric generator
along with one or more permanent magnets form a receiver.
Meanwhile, a coil or a rotation magnet is utilized as a transmit-
ter. Typical operating frequencies of the ED and MME devices
are well below 1 kHz, which allows the application of a max-
imum B—field of ~2 mT [7]. A disadvantage of these struc-
tures is a relatively low efficiency due to the weak coupling
between the magnetic and mechanical domains that is realized
by the interaction of magnet and magnetic field. Moreover,
the magnetic-to-mechanical transduction factor, and therefore,
the maximum possible power transferred to an electrical load,
depends on the magnet volume. Given the fact that implant-
able integrated systems are desired to be as small as possible,
the required use of permanent magnets may be challenging in
the miniaturization of implants.

Mid-field and far-field electromagnetic WPT systems
(referred to here as RF WPTS) have been widely employed to
power pacemakers [8—10]. However, this technique can induce
significant heating caused by RF wave absorption in the human
body. This absorption both reduces system efficiency and can
pose a health risk to users. According to the ICNIRP regula-
tion [1, 11], the maximum specific absorption rate (SAR) is
set to be 2 W/kg per 10 g of tissue in order to avoid the safety
risk that these systems could pose.

Acoustic power transfer is another possible solution, whose
advantages include lower absorption and shorter wavelength
enabling smaller transducers [12]. However, the acoustic
transmitter must be in direct contact with the skin, and the
transmission of acoustic power through the bone seems to
be minimal since the large acoustic impedance mismatch
between soft tissue and bone results in most of the acoustic
energy being reflected.

With the limitations of the available WPT technologies
(including ED, MME, RIC, RF, and ultrasonic waves) poin-
ted out, we are seeking another approach for powering bio-
medical implantable electronics that is able to overcome those
obstacles. A mechanism that operates at low frequency with
an acceptable transfer efficiency is considered appropriate. We
believe that a WPTS utilizing the magnetoelectric (ME) effects
possesses such potential.

Advances in ME multiferroic materials have triggered sig-
nificant research interest [13]. With a shift of focus from fun-
damental material discoveries to translational research, the
field of multiferroics and magnetoelectrics is anticipated to
make further application-oriented breakthroughs over the next
few years [14]. The recent development of a ME antenna
indicated that for a given frequency its wavelength could
be five orders of magnitude shorter than the electromagnetic
wavelength, leading to possibly dramatic miniaturization [15].
Furthermore, the typical operating frequency of ME systems
is relatively low, in the range of tens of kHz, which enables
higher permissible applied B—field than that of RIC WPTS
[1]. These characteristics make ME generator a promising
alternative to other WPT technologies, especially for IMDs.

The concept of a ME effect was first introduced by Rontgen
in 1888 with his discovery that a dielectric material could
be magnetized under a magnetic field [16]. In the next 100

years, various ME architectures and materials have been
discovered and studied, with most studies focused on single-
phase and two-phase ME composites [17, 18]. In 2001, Ryu
et al proposed a ME laminated composite combined by two
radial-magnetized Terfernol-D and one thickness-polarized
PZT disks [19]. Since then, laminated structures have become
preferable due to their strong ME coupling, and high repro-
ducibility and reliability. A significant modeling effort which
captures the performance of ME transducers was undertaken
by Dong et al, in which the ME effect was described by an
equivalent circuit model [20, 21]. However, the authors were
only concerned with the open-circuit voltage for a sensing sys-
tem. The actual power transferred to a load at a given external
B—field was not addressed.

ME laminated composites have been widely utilized in
many applications, such as magnetic field sensors [22-24],
ME Random Access Memory (MERAM) [25-27] and elec-
tronic components [28—30]. However, its potential in WPT has
not been thoroughly explored. To the authors’ knowledge, this
work is one of the first efforts to utilize a laminated composite
ME-transducer as a receiver for a WPTS, adding to the efforts
of [31, 32]. In this article, we further develop a linear two-
port model of a ME-based WPTS, together with corrections to
essential errors found in [20]. The model is experimentally val-
idated, which is then used for analyzing a figure of merit and
the fundamental performance limits of the architecture under
consideration. A standard criterion to evaluate the ME effect
is the ME coefficient (denoted as ang) defined by the rate of
change of the electric field in response to the applied magnetic
field. Most studies in the literature so far have indicated a signi-
ficant advantage in obtaining ayg as high as possible [33-35].
While this statement may hold true for magnetic field sens-
ing devices, it is still questionable for a WPTS. Clarifying this
issue is also one of the central objectives of the paper.

2. Mathematical analysis and essential equations

As shown in figure 1, we consider a ME laminated compos-
ite with two constituent materials, magnetostrictive and piezo-
electric, bonded together by conductive epoxy. The piezoelec-
tric and magnetostrictive phases are poled and magnetized in
the thickness and length directions, respectively. The global
coordinates of the beam are denoted by (x, y, z). Local coordin-
ates of each layer are also included, where 3 — axis is always
parallel to the polarization and magnetization vectors, ? and
M. L and w are the length and width of the ME generator. 1,
and f,, accordingly represent the thicknesses of the magneto-
strictive and piezoelectric layers. In order to evaluate the trans-
ferred power capability, the output port of the ME transducer
is connected to a resistor Ry, for the convenience and simpli-
fication. When an external AC magnetic field H,. is applied
along the longitudinal axis of the laminate, (H,. || M) L P,a
strain is excited in the two magnetostrictive phases, which is
then transferred to the piezoelectric layer through an interface
coupling. As a result, the laminated composite vibrates in the
z—direction.
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Figure 1. Schematic of ME transducers and geometric dimensions of the laminated composite.

The piezoelectric constitutive equations for the thickness
poling are

Sip = 5\ T1p + ds1 pEs, ¢))

D3 =d3 ,Tip + €3E5 2

where T, and S, are the stress and strain of the piezoelectric
layer imposed by the magnetostrictive layer, D3 and E; are
the electric displacement and electric field in the piezoelectric
layer along z, respectively, s¥ is the elastic compliance of the
piezoelectric material under constant electric field E, d3, , is
the transverse electric constant and €1, is the dielectric permit-
tivity under constant stress 7.

The magnetostrictive constitutive equations for the longit-
udinal strain S3p, and the magnetic field flux density B are

S3m = 555 T3m + d33 mH3, 3)

B3 = d33 mT3m + N§3,mH3 @)

where H3 is the AC applied magnetic field (i.e. H, in figure 1),
T 1s the stress in the magnetostrictive layer, s% is the elastic
compliance at constant H, d33 , is the piezomagnetic constant
and u&m is the magnetic permeability at constant stress 7.

Assume that an applied magnetic field H3 is sinusoidal with
angular frequency w (e.g. H3 = Hycos(wt)), the correspond-
ing vibration of the laminate is a harmonic motion along the
longitudinal direction z. We denote (i) the displacements of
the piezoelectric and magnetostrictive mass units (Am; and
2Am) in the laminate are u;p(z) and u3y,(z) respectively, and
(i) the corresponding strain components along z are

Slp = 8u1p/az7 (5)

S3m = a’/Bm/al (6)

Here, in the same manner as in [36—-39], we introduce an inter-
face coupling coefficient, 0 < x < 1, which relates the strain
transfer between the two phases (magnetostrictive and piezo-
electric) such that S1p, = £S3y, and therefore u, = Kuz,. With
the presence of «, all of the following derivations are, in gen-
eral, different from the well-known results established in the
literature [20, 40, 41], in which the authors only considered
the ideal case k = 1.

Based on the Newton’s second law, the equation of motion
of the laminate is given by

821/l1p 82u3m
Aml o2 + 2Am2 o2 = ATlpAl + 2AT3mA2 (7)
where
Amy = ppA1 Az, Amy = pnAr Az, 8)
A= Lw, Ay =tpw. ©)]

pp and pp, are the mass densities of the piezoelectric and
the magnetostrictive layers respectively. The geometric defin-
itions of Am, Amy, w, Az, t, and t,,, are shown in figure 1.
Considering an element of infinitesimal length, Az — 0, and
with notice that 9?usy, /0 = (9%u1,/01*) / k, equation (7) can
be re-written as

8211 8T1p aT?)m
D—— = 1— 10
Por ="y TUTMT, (19
where the variable of interest is u = uyy,,
Aq I
= = ,0<n<l1, 11
"TA2A et b
_ P A] + meAz K
po A 20 (12)

A +2A;

Based on the piezoelectric constitutive equations, the par-
tial derivative of the stress with respect to the position in the
length direction is computed as

6T1p E d%l P -1 851p d’;l p 8D3
Pip _ (& DL, @Oy (g3
0z (s” 5 ) ( dz €y 0z ) (13
0T3m i Bam\ ! (0S3m  dizm OBs
= (s - =2 _Dm I8 (g
0z (s33 u§37m) ( 9z Mg 8z) (14)

It should be noted that, the constitutive equations of
piezoelectric and magnetostrictive materials are written under
the assumption that all field components do not vary
through the width and thickness directions, which means
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6D]/6x = 8D2/6y =0 and 831/8)6 = 832/(9)7 =0. In addi-
tion, Maxwell’s magnetostatic and electrostatic equations in
magnetostrictive and piezoelectric materials (also known as
Gauss’s laws for magnetism) are given by

rot E =0, diVB> =0,

divB =0, rot H = 0.

Hence 0D3/0z = 0 and 0B3/dz = 0. Equations (13) and (14)
now become

5)

(16)

Ty _(E d%l,p)la%_ 1 0%
P _ (g Ble) 0

- 20 17

0z €5 02§D 02 (an

6T3m:(SH7d§37m)—1l—n@:l—n{‘)izu a8
0z . [133.m k 022 kst 022

By substituting (17) and (18) into (10), the motion equation
can be written

102u 6%
252 = 92 (19)
V2 Of 0z
where
1 & N1 11— a4 1
V2=:[n(slf1— 3T1,p) n n(sgg_ 3T3A,m) }
P €33 K K33 m
1 ( n 1—n
= (F+—)- 20)
PAS KSS

The expression of v is slightly different from the formula
presented by Dong et al [20], since the authors neither took
Maxwell’s equations into consideration nor the effects of the
electric field E3 and the magnetic flux density B3 on the strains
S)p and S3y respectively. Only in the cases where sp) ~ 5%,
s8 ~ st and k = 1, (17) and (18) recover the equations repor-
ted in [20].

Under harmonic motion, the general solution of the one-
dimensional wave equation (19) in the time domain is

u(z,1) = Y(2)T(1), 2y
Y(z) = Acos(kz) + Bsin(kz), (22)
T(t) = Ccos(wt) + Dsin(wt) (23)
where the squared wave number is defined as
2
R== 24)
v

The real constants A and B are determined by boundary
conditions, while C and D depends on initial conditions.
Solving for {A, B, C, D} is not the objective of this paper, how-
ever, this time-domain solution is a preliminary step for further
analysis in the frequency domain in the following sections.
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Figure 2. Equivalent circuit model of magnetoelectric wireless
power transfer system.

3. Equivalent two-port model

The linear two-port network is one of the most widely used
models for ED, MME, and RIC WPT systems. Under the
right circumstances (e.g. small vibration amplitude or single
transmitter-receiver configuration), it is a convenient method
of describing dynamical characteristics and interpreting the
fundamental performance without compromising the accuracy
of the model. The main aim of this section is to simplify a
multi-port model of the original system when configured in the
free-free condition and develop its two-port equivalent circuit.

The driving frequency of WPT systems can be controlled
at the transmitter side. Therefore, investigating and optimizing
the frequency responses of the system is of great interest. In
order to avoid any possible misunderstanding that might arise
for the readers, frequency-domain variables are denoted with
a hat on top of a character rather than using the same notations
for both the time and frequency domains as seen in [20, 21].
From this point on, all the derivations are carried out in the
frequency domain, unless stated explicitly.

The complex amplitude of the displacement, X, is a func-
tion of z only, X(z) = Y(z) where Y(z) is given in (22). The
boundary conditions given in terms of the face velocities of
the composite laminate (denoted as ‘A/l and \A/z) are

Vil=0 = jwX(0) = jwA, (25)

Val.—r = jwX(L) = jw(Acos(kL) + Bsin(kL)),  (26)

Assuming that the boundary conditions Vi (Vy)atz=0(=L)

were determined, two constant coefficients A (B) and the com-
plex amplitude of the displacement are computed as

@n
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B V, — V) cos(kL)

== 28
Jwsin(kL) ' (28)
5 Vi Vo — Vicos(kL) .
X(z)=— k ——— = sin(kz). 29
(0)= 5 eoslhe) + = T sin(ls). 29)
The complex amplitude of the strains at the faces are
- dx V, — Vi cos(kL)
Sip(0) = — =, 30
1p(0) dz Iz=0 jvsin(kL) (30)
- dx Vs cos(kL) — Vi
Sip(L) = — == 31
tp(L) dz l:=1 jvsin(kL) ' 3D
~ 1~ ~ 1+~
SSm(O) - ;Slp(o)a SSm(L) - ;Slp(l‘)' (32)
The corresponding forces related to the face stresses are
Fi= _Al/Tlp|z:0 — 245 T3m=0
1 5 -~ 1 ~
= —A1 5 (S1p(0) — da1 pE3) — 2421 (S3m(0) — d33 mH3)
ST 533
(AL 124\ Va—Vicos(kL) | Aidsips | 2Aadszm 7
- (51151 + K st ) Jvsin(kL) 5 Bt st s,
(33)
F,= _Al/flp|z:L — 2A2/7:3m|z:L
1 5 =~ 1 - ~
= —A1 4 (Sip(L) — d31pE3) —2A2 1 (S3m(L) — d33 mH3)
S 533
A1 124\ Vacos(kL) — Vi Aidsip= | 2Ardyim
:*(TJF*T) = E- O3 no s
sy K oSy Jvsin(kL) 5T S5
(34)

The coupling voltage ‘A/produced at the two surfaces of the
piezoelectric layer is determined as

V= / Esdy = E3tp (35)
0

where y is the thickness direction. The forces F 1 and IA’2 in (33)
and (34) now can be rewritten as follows

Fi=2V,— (V, = V)2, ~T,V+ Ty Hs, (36)

Fa=-2Z\Vo— (Vo= V)2 — T,V + Tl (37)
where Z; and Z, are referred to the mechanical characteristic
impedances, I', is the electromechanical transduction factor
of the piezoelectric layer and I'y, is the magneto-elastic (also
known as electrodynamic) transduction factor of the magneto-
strictive layer. These parameters are given by

Z :7<L l—n)Atan(kL/Z)

E ]?

, 38
ST "Slsg %)

Figure 3. Simplified model with free-free conditions.

n 1—n A
Zoe (Ll A 59
2T\ M kst / jvsin(kL) 9)
Ads, ds,
Tp=———" =—w—g", (40)
pS11 ST1
d
Ui = 2wty =2 1)
533

The piezoelectric constant d3 , is usually a negative number,
thus I', > 0. The coupling current?produced by an equivalent

piezoelectric layer is

T=jwCoV—T,Vn (42)

wL | . . .
where Cy = 6237 is the equivalent nominal capacitance of
p
the piezoelectric transducer and €3, is the permittivity com-

ponent at constant strain with the plane-stress assumption of a
thin narrow beam (i.e. €33 = €33 — d3, ,/s')). Here, we denote

~

Vi = V> — V,. The complete equivalent circuit is developed as
shown in figure 2 where notations of the forces, applied mag-
netic field and output voltage are in the time domain for a gen-
eral view.

Under free-free conditions, F | = IA72 =0 (which leads to
mechanical short-circuit). The lumped-model is then simpli-
fied to that depicted in figure 3, where

Z=7,/2+2, = 1(i + l;n)%cot(kL/Z). 43)

E o
2\s7 KS33

The damping coefficient b (not shown in figure 2) represents
the mechanical loss. Additionally, the electrical terminals are
now connected to a load resistance Ry . The input equivalent
‘force’ is defined as ?70 = I‘mﬁ3 (or Fy =I'H3 in the time
domain). The short-circuit resonance frequency, is determined
by the condition Z = 0, or equivalently

cos(%) =0, (44)

which results in

v
Wy =mT—.

- (45)

The resonance frequency depends on the beam length, the
thickness ratio, and the material properties, but not on the
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width of the beam. This property is distinguished from the
bending operation of a cantilever beam with a tip mass, in
which the bending resonance frequency is a function of the
beam width [5].

4. Magnetoelectric coefficient

We now consider the ratio of the electric field E5 to the external
magnetic field Hz. Under open circuit operation (i.e. R —
+00),

I =0, (46)
- vV, Iy~ T F
OO:J&:JX:JLZ (47)
C() Jw C() C() . Fp
Jw(Z+b)+ =
Co
Therefore, the ME coefficient is
dE r .
QME = ‘ d[%oo = % — = (43)
s 1 0G0 Jwbe + (Z4T3/o)

where Z = jwZ is a real function of the drive frequency w, as
follows

Z= (49)

(n +1—;1)A cot(WL)
—_+— | =w —).
s& 0 ksth /v 2

The anti-resonance frequency (i.e. the open-circuit reson-
ance frequency), denoted by wy, is determined by

1
2

Z+AK=0 (50)

where AK = 1“[2) /Co. Equation (50) has a general form of
Xcot(X) = C where X is a variable and C is a constant. There
does not exist any analytical solution for this problem, hence,
using a numerical method is more suitable. At w = w, the ME
coefficient is reduced to

Il
lpCOOJlb '

(G

QME,1 =

For moderate electromechanical coupling of the piezoelectric
phase w; ~ wp, so amg,1 is approximately I',I'n / (1, Cowob).
In principle, amg,; is the maximum possible ME coefficient
that can be obtained for a given ME transducer. The compact
form in (51) is maybe the most convenient means to evaluate
the performance of a ME composite from a material perspect-
ive (in other words, from an application-independent point of
view).

5. Power optimization

5.1. Analytical solution of output power

We now utilize the equivalent circuit model developed in sec-
tion 3 to investigate the transferred power in terms of the load
resistance, the drive frequency, and the applied B—field. The
complex amplitude of the output voltage is derived as

Fp ijLC()
Co 1 4+ jwRyCy

Iy jwr
Co 1 4 jwt

V= X= (52)
where the electrical time constant is 7 = Ry Cp. The complex

displacement amplitude is

-V F
X:T_;: OFZ p” (53)
T
iw(Z+b)+ -2
O ZAb) + & T o

Assuming that, in the time domain, the applied magnetic field
has the form of H3 = Hycos(wr), the average output power is
obtained as

512
1 |V’ 1 sz ~2
P=-"—+—"=-AK———|X 54
2R 2 1+(w7)2| | >4
where the square of the displacement amplitude in the fre-
quency domain is given by

2
s (uﬂ')z (I;mHO) wT 2’ (55)
{Z—i_ AKl + (wr)z} + [Wb+ AKl + (wr)z}

S12
1|

From (54) and (55), we observe that the power delivered to
the load is proportional to the square of both the magnetic field
strength and the magneto-elastic transduction factor. For a
given external magnetic field, magnetostrictive materials with
higher d33 , are preferable as they provide stronger Iy, and as
a consequence, higher output power.

5.2. Optimum power at resonance and anti-resonance
frequencies

Typically, optimal operating frequencies of a resonant gen-
erator, such as piezoelectric energy harvesters [5], are close
to either the resonance or anti-resonance frequency. There-
fore, the maximum output power of the ME WPTS can also
be estimated by considering the system performance at these
specific frequencies.

At the resonance frequency w = wg and Z = 0. By using
the gradient descent method, the optimal load and the corres-
ponding optimum output power are determined as follows:

1

w()C()\/M%Jrl

T'WHo)?

OP[RL ‘w:wo -

(56)
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M is a resonator figure of merit, defined as My = AK/(bw).
In particular, at the resonance frequency My = AK/(bwy). We
can write My = k? Qo p Where k. is the expedient coupling coef-
ficient (or the generalized electromechanical coupling coeffi-
cient) and Qo ;, is the mechanical quality factor of the piezo-
electric phase at the resonance frequency wy. The details of the
derivation are presented in appendix B. A high figure-of-merit
is achieved when a piezoelectric material shows strong elec-
tromechanical coupling and low mechanical losses, simultan-
eously. With the same applied magnetic field, based on (41),
we can infer the following properties, increasing the amount of
the magnetostrictive material or the ratio of the piezomagnetic
coefficient to the compliance constant (d33m/s5;), results in
higher output power.

In the same manner, at the anti-resonance frequency w = w;
(and thus Z = —AK), we get

M2 +1
OptR _ :71 58
L|UJ—UJ1 UJIC() ) ( )
I,.Hp)?
Pr= ol = S (ot 1) 60

where M; = AK/(bw;). In general, Py and P; are not
identical, however for moderately coupled systems My ~ M,
the two maximum powers approximately coincide Py ~ P;. It

should be noted that the inequality M;(y/M? +1—M;) < 1/2
always holds true for all M; > 0 (i € {1,2}), therefore Py and
Py are less than P,y = (I'nHp)?/(8b) which is the maximum

power available for transfer [5]. As My and M| increase, the
two ratios Pg /P,y and Py /P,y approach unity.

6. Model validations

6.1. Experimental setup

Figure 4 shows the experimental setup used for validating the
equivalent two-port model. The Helmholtz coil is a transmit-
ter that produces a uniform magnetic flux density as a means
of power transfer. The receiver is a magnetoelectric laminated
composite, consisting of two TdVib Galfenol and one PZT-5A
layers. The magnetostrictive and piezoelectric phases are bon-
ded together by a conductive epoxy, EPO-TEK H20S. Four
permanent magnets placed on top, bottom, and two sides (not
shown in the figure) of the ME transducer provide a DC bias
field for its operation. The two Galfenol layers are magnet-
ized in the length axis; meanwhile, the PZT-5A layer is poled
in the thickness direction. The Helmholtz coil is controlled
by a Tektronix function generator connecting to an E&I 210
L RF power amplifier. The induced voltage across the load
resistance is measured and collected by a Tektronix oscillo-
scope. The average output power is then computed as P =

T OT %(Ll)dt. The geometry of the ME generator, the Helmholtz
coil, and the material properties are listed in table 1, except
the interface coupling coefficient x and the longitudinal piezo-
magnetic constant ds3 ,, which are determined by fitting to

experiments in the next Sections.

Pedestal

Helmholt
coil

Figure 4. Experimental setup, in which a circular Helmholtz coil is
used as a transmitter, the magnetoelectric transducer is placed at the
center of the coil, and four permanent magnets are utilized as DC
field bias.

6.2. Parameter identifications

Since the piezomagnetic coefficient d33 5, is a function of
the DC bias field, the possible optimal value of ds3 ., can
be obtained by manually adjusting the distances between the
permanent magnets and the ME laminated composite. The
DC field that yields the maximum open-circuit voltage gen-
erated by the ME transducer is considered as optimal. Here,
the bias field is read by the DC Gaussmeter Model GM1-
ST (AlphaLab, Inc.), and the open-circuit output voltage is
approximately measured with Tektronix 10 MS2 probes. By
varying the drive frequency, the anti-resonance frequency,
at which the open-circuit voltage reaches its maximum, is
determined. The optimal DC bias field and the correspond-
ing anti-resonance frequency are ~13.31 mT and f| ~ 70.47
kHz respectively. The interface coupling coefficient « is then
estimated by fitting the solution w of equations (49) and (50)
to the experimental value, which results in K = 62.2 %.

We note that, the output voltage is proportional to the dis-
placement of the laminated composite. Considering a damped
harmonic oscillation of the open-circuit voltage shown in
figure 5, the damping ratio £ can be extracted with an exponen-
tial fit through the local maxima of this underdamped response
(€ < 1). The least-squares method is formulated as follows
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Table 1. Material properties and device geometries.

Parameters Value
PZT-5A4E
Elastic constant, Y&, 66, GPa
Elastic compliance, s5; 1/Y%, m?/N
Piezoelectric constant, d3;p —190 x 1072, m/V
Dielectric permittivity, €15 /€o 1800
Mass density, pp 7800 kg/ m—3
TdVib Galfenol
Elastic constant, Y§I3 40, GPa
Elastic compliance, s5; /¥, m*/N
Magnetic permeability, ,u}&m / o 100
Mass density, pm 7800 kg/ m ™3
ME transducer geometry
PZT thickness, , 1.02, mm
Galfenol thickness (each layer), tm 370, pm
Total thickness, to = t, + 2tm 1.76, mm
Laminated composite width, w 10, mm
Laminated composite length, L 20, mm
Helmbholtz coil geometry
Diameter (center of cross-section) 91, mm
Nominal cross-section 49 x 49, mm?
Wire gauge 16
Number of turns 9
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I M _ A(t) = Crexp(—€wat/ /T~ &)
< e
-; 5
g
5 0
o
=
G
g -5
; > <
2 Ty wa =27/ Ty
© -10
Free decay response
- - - Exponential decay envelope
=15 s . . .
5.1 52 5.3 5.4 5.5 5.6

Time, ¢ [ms]

Figure 5. A comparison of (i) free decay response of the
open-circuit output voltage, and (ii) exponential decay envelope
through local maxima A;, where i € N. A is the highest maximum
and Cr = 2.12 x 10'! is a fitted constant.

N

§>13,HCI}>0 Z [A(ti> - Ai(ti)] ’

i=

(60)

where (N + 1) is the number of experimental samples collec-
ted. The decay envelope is characterized by the exponential

function A(f) = Crexp (—&wat/+/1 —€2) where Cy is an
unknown constant. The angular damped resonance frequency

is calculated as wq = 27 /T4, where Ty is the damped period.
The discrete oscillation maxima, denoted as A; (i € N), with
their corresponding time of occurrence #;, are obtained from
the decaying waveform. To solve this non-linear problem
with inequality constraints, the non-linear Interior Point and
Sequential Quadratic Programming approaches can be used
[42]. The fitting procedure gives &~ 10.68 x 1073; accord-
ingly, the mechanical quality factor around the resonance is
Om ~ 46.81.

For a mass-spring-damper system, the damping ratio is
defined as £ =b/(2y/mK,) where b is the damping coeffi-
cient which represents total mechanical losses, K| is the short-
circuit stiffness and m is the mass. However, the mechanical
impedance Z of the ME generator is an indispensable func-
tion of the material properties and the geometry. Therefore, in
order to evaluate the damping constant, we approximate Z by
an equivalent mass-spring model, where Ky and m are found
by the least-squares optimization scheme

. Ky 2
o min 37 (wm = 72) (2]

where the angular drive frequency w is chosen in a range
around the resonance frequency wgy. The numerical minimiz-
ation yields the following results, Ko = 81.48 MN m~! and
m = 445.8 mg, which leads to b = 422 Ns m™ .

From (47) and (50), the open-circuit voltage amplitude at
the anti-resonance frequency is derived as

HyI'
Vo1 =T u
oo, C()wlb

(61)

(62)
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Figure 6. Characterization of the B—field generated at the center of
the Helmholtz coil, with respect to the current input to the coil. By
and [ are the amplitude values.

where I'y, is a function of d33 . The piezomagnetic constant
ds3 m 1s approximated by fitting the model prediction in (62) to
the measured value, giving us a coefficient of ds3 ,, = 7.77 X
10~° Wb/N, which is within the range reported by other
authors, e.g. 1.85 x 107 WbN~!in[43]and 16.5 x 10~° Wb
N~! in [44]. The measured nominal capacitance of the piezo-
electric layer is Cp = 2.95 nF. Up to this point, all the model
coefficients are given. This same set of parameters is then used
for validating all following cases.

6.3. Experimental validations

(1) Due to the difficulty in measuring the B—field while con-
ducting experiments, and (ii) to avoid any possible interference
of the permanent magnets (used as the bias field), the relation-
ship between the magnetic flux density strength and the input
current is quantified before completing the experimental setup.
Four sets of measurements are carried out. The current through
the Helmholtz coil and the B—field generated at the coil center
are captured by the Rigol RP1001C current probe and the AC
milliGauss meter model UHS2, respectively. Note, the value
displayed on the Gauss meter is in root mean square (RMS)
form. The obtained results are shown in figure 6. The relation-
ship between the two parameters is expressed by a linearized
approximation, o = By /Ip = 126.3778 uT A~', which is then
utilized to map the external B—field amplitude from the meas-
ured current in further experiments.

Figure 7 presents the frequency response of the open-circuit
voltage amplitude with two different ranges of the applied
B—field. Comparisons between the experimental data and
the simulation results (predicted by the equivalent two-port
model) show a consistently good agreement for both cases.
The output voltage is measured at the steady-state with dis-
crete drive frequencies. It should be noted that the impedance
of the Helmholtz coil is dependent on the frequency. There-
fore, given the same source voltage, the input current decreases
with respect to the increase of the operating frequency, which
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Figure 7. Frequency response comparisons between the
experimental data and simulation results by the model. V is the
open-circuit output voltage, measured with 10 M2 probes. Vi
(Vs at the anti-resonance frequency w) is determined from (62),
in which By = 332.88 uT and 177.64 uT are used for the two cases.

hence reduces the B—field strength. In the simulations, Vi,
is computed as a function of both the drive frequency and its
corresponding B—field amplitude, Voo = Voo (w, Bo(w)).
Figure 7 also reveals that (50) is the exact equation to
solve for the anti-resonance frequency wj, and V. ; com-
puted by (62) can be used to estimate the maximum possible
open-circuit voltage. Since ane < Voo, this means avg,; is
the highest magnetoelectric coefficient that can be achieved.
amg is widely used as a critical criterion for the magneto-
electric coupling properties in multiferroic materials. How-
ever, most of the expressions of ayg reported in the literature
concern the operation of a ME device at low-frequency ranges
(far below the resonance), which may lead to unfair compar-
isons among ME transducers (e.g. [45, 46]). Therefore, from
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Figure 8. Output power with respect to load resistance with
different applied magnetic flux density: Comparisons between
experimental data and simulation results. The drive frequency is at
the anti-resonance frequency, f1 = 70.47 kHz. The analytical
solutions of ™Ry |w; and P; are obtained from (58) and (59),
respectively.

the material point of view, awmg,1 is perhaps a more appro-
priate and efficient alternative means to theoretically evaluate
the performance of a ME-based system. Although ayg is not
the main objective of this work, its corresponding frequency
response is presented in appendix A.

Figure 8 shows the variation of the output power with
respect to the load resistance for two B—field amplitudes. The
drive frequency is set at the anti-resonance frequency, f| =
wy/(2m) = 70.47 kHz, for all measurements. The difference
between experiments and simulations is negligible. A max-
imum transferred power of max{P} =9.78 mW is achieved
at By = 318.50 T, with an optimal load of P'Ry, € [2.1,2.5]
k) (note that any value of Ry in this resistance range pro-
duces almost the same output power). The corresponding ana-
lytical solutions derived from the model are P; = 9.77 mW
and °P'Ry |w; = 2.3 k{2, attained from (58) and (59), respect-
ively. The model accuracy is consistent with By = 267.40 uT.
As expected, (i) The optimum electrical load is independent
of By, and (ii) Higher input magnetic field strength results in
stronger interaction acting on the Galfenol layers, and as a con-
sequence, higher power delivered to the load.

Figure 9 presents the variation of the output power P with
respect to the external magnetic flux density By. The drive fre-
quency is fixed at f|. The experimental and theoretical results
are in good agreement in both cases, with the optimal load
of °P'Ry |w; = 2.5 kQ and with an arbitrary load of Ry, = 12.5
k. As predicted by the theory, P is a quadratic function of
By. The optimum power delivered to the load at the anti-
resonance frequency P; and the power limit P, are very close
to each other. This observation can be explained by figure 10.
It shows the ratio of Py to the power bound, P,,, as a func-
tion of the resonator figure of merit My;. For the device under
consideration, My = 2.95 and M| = 2.85, which leads to
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Figure 9. Comparisons of the external B—field responses between
the model simulations and measured results with the optimal load of
P'RL |w; = 2.5 k2 and an arbitrary load of Ry, = 12.5 k2. The

maximum power available for transfer is Pove = (I'mHo)?/(8b).
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Figure 10. Ratio between the optimum output power attained at the
(anti-)resonance frequency P and the power limit Pays as
functions of the resonator figure of merit Mo, computed by (57)
and (59). The particular values of M ; and their corresponding
power ratios of the investigated ME transducer are included.
Notation: DUT = Device Under Test.

Po/Pay = P1 /Pay = 97 %. In general, M, ~ 2 or higher is a
sufficient condition such that Py, approaches its physical limit
P,y From practical point of view, determining and operating
the ME transducer at its anti-resonance frequency along with
the corresponding optimal load is perhaps the most convenient
technique to approach the power limit.

For the system in use, the overall efficiency is relatively
low, 7=/ 0.12 %. The details of this experimental study are
presented in appendix C, in order to keep the article focused
on the power delivered to the load at a given incident mag-
netic field, regardless of how the field is produced or the power
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required to generate it. The question on how to improve the
transfer efficiency is out of the scope of this work and is open
for further investigation.

Despite the apparent complexity of the multi-domain
energy conversion property of the ME WPTS, the equivalent
circuit model has been consistently accurate in predicting all
of the essential behaviors related to frequency, load, and mag-
netic field responses. The developed model is reliable in cap-
turing both of the ME coefficient and the actual power trans-
ferred to the load.

The simulation results obtained from the model reveal the
following characteristics. When the length of the composite
changes (half or double, for instance), only the corresponding
optimal load is adjusted, the power available for transfer Py,
and the maximum output power Py, are kept the same, given
an applied magnetic field strength. An advantage of the longer
beam is that its resonance and anti-resonance frequencies are
lower, which allows higher permissible external magnetic flux
density, and thus results in higher transferred power. Mean-
while, a shorter beam achieves higher power density, with
identical incident B—field. The increase of the width allows the
laminate to capture more magnetic flux (i.e. inducing higher
I'\m), which enhances both P, and Py, . Similar effects are
observed when increasing the Galfenol thickness. However,
further increasing the thickness of PZT does not give a sig-
nificant benefit as the current thickness can already approach
the physical power limit. In a general trend, decrease of #y,
and 7, leads to smaller I'y, and I'p, respectively, and drop of
Poy1. In the circumstance where the total thickness 7 is con-
strained, there exists an optimal ratio of 1, to ty, n = t,,/fo; for
the material properties shown in this article, the optimum value
is ngpe = 0.14 with the maximum output power of Pg;; = 33.72
mW at By = 318.5 uT. The effects of the material constants,
such as d3; p and d33 1, are discussed in the next section.

7. Discussions

The ME coefficient ayg has been widely used as a standard
to evaluate the performance of ME-based devices; the higher
aME, the stronger the ME effect, and the better the quality of
the ME materials. However, is it true that higher ayg always
gives better output power? The main aim of this section is to
seek the answer to that question, based on the equivalent cir-
cuit model validated in the previous section.

The electrodynamic and electromechanical transduction
factors, I'y, and I'y,, represent the energy transfer mechanisms
between the magnetic-mechanical-electrical domains. Con-
sidering the analytical solutions for the optimum ME coeffi-
cient and output power in (51) and (59), we observe that both
amg,1 and Py are functions of I'y, and I'p. The behavior of
amg,1 and P; in terms of I'y, are shown in figure 11, where
I'n is treated as a variable and the other model parameters,
such as I'y, Cop, wy and b, are kept unchanged. In a general
trend, amg, 1 and P always increase with the increase of I'y,.
However, while ayg,; is linearly proportional to I'y,, P; is a
quadratic function of I',. It is essential to note that higher
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Figure 11. Optimum output power and ME coefficient, P; and
aMmE,1, With respect to the electrodynamic transduction factor I'y,.
The ratio of P to Payi, and the measured results of the DUT are also
included for comparisons.

I'iy leads to higher power available for transfer, given a con-
stant applied B—field. Nonetheless, the discrepancy between
Py and P, is negligible. The ratio of P; to P,y is close to
unity for all 'y, as depicted in the sub-figure; in particular,
Pi /Py =97.1%. At T}, = 1072, which is 4.35 times of that
of the DUT, the maximum output power reaches P{ = 190.3
mW. In practice, this can be achieved with the use of other
magnetostrictive materials instead of Galfenol. Among those,
Metglas and FeGaB thin film are two promising alternatives,
as their piezomagnetic coefficients, d33 i, are much higher
than that of Galfenol (denoted as G) [34], and therefore res-
ult in higher I',. For example, the piezomagnetic coefficient
and elastic compliance of Metglas (M) are ds3 ;i (M) = 50.3 x
107 m A" and 85 (M) =40 x 1072 m> N~! [34], and the
ratio between the two electrodynamic transduction factors is
I'n M) /Ty (G) =4.05, given the same geometry. From the
efficiency perspective, P} is still far below the input power,
which is approximately 8.2 W. Thus, there remains consider-
able room for the improvement of 1 associated with material
development.

By definition, the longitudinal piezomagnetic coefficient is
the rate of change of the magnetostrictive strain along the axial
direction € with respect to the DC bias magnetic field Hy. In
particular, ds3 m = de(M)/dH, where M is the magnetization
and is induced by Hj, [47]. Both € and d33 , are zero before the
magnetostrictive material is magnetized. € increases with M
and then reaches its saturation value when the magnetization
is saturated. Due to this behavior of ¢, initially, d33 1, increases.
However, there exists a certain strength of Hy, at which ds3 1
attains a maximum. Beyond that point, ds3 , decreases. Since
the physical limitations of ds3 m, and thus I'y,, are determined
by the magnetic properties of the material, the power available
for transfer P, cannot increase infinitely for a given B—field.
Furthermore, P, is rigorously constrained by the power input
to the transmitter coil P;. However, with the range of I';, shown
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Figure 12. Variations of the optimum output power and ME
coefficient, Py and auvg, 1, with respect to the electromechanical
transduction factor I';,. The measured results of the DUT are also
included for comparisons. P,y is a constant.

in figure 11, P = P,y < P;, therefore, the limit of P,y is not
seen.

In the same manner, the influence of I', on the performance
of amg,1 and P; is presented in figure 12. The roles of I'y,
and I, are now switched and I', becomes a variable. Sim-
ilarly, anvg,; is a linear function of I'y. However, P; satur-
ates to P,y when I', is large enough. In this case, I'y, is a
constant, and hence P, is unchanged with respect to I',.
Moreover, with the use of PZT-5A4E as in the experiments, we
get P = P,y. Alternating PZT-5A4E by another piezoelectric
material that has higher d3; ,, and therefore higher I',, does
not make any significant improvement on the output power as
it nearly approaches its physical limit. This finding demon-
strates that an increase in the ME coefficient does not ensure
increased power delivered to the load. Only considering amg
as a critical criterion to anticipate the performance of a ME
WPTS may be not appropriate. Instead, separately assessing
the role of each phase, magnetostrictive and piezoelectric, is
a more comprehensive view. While I';;, defines the physical
bound of the power that can be transferred to the load, I, (as
an alternative to the figure of merits M) indicates whether
the device is able to reach that limit or not. Note that, when
the mechanical damping coefficient b decreases, the required
value of I';, at which M~ 2 and P; starts to saturate, also
decreases due to the relationship M| = Fﬁ /(bw; Cy). We hope
this recommendation is able to clarify possible misunderstand-
ings in the literature, and have an impact on the design consid-
erations of a ME WPTS.

8. Conclusions

We have presented a comprehensive mathematical modeling
framework and analytical solutions to the power optimiza-
tion problem for a WPTS utilizing a ME transducer as a

receiver. An equivalent two-port model was derived and val-
idated by different sets of rigorous experiments. Several tech-
niques for identifying unknown parameters were discussed.
The model developed was able to sufficiently capture and
predict the behavior of the device with respect to the drive
frequency, load resistance, and applied magnetic flux dens-
ity, despite the apparent sophisticated-dynamics of a multiple-
domain system. We especially emphasized the essential role
of the electrodynamic (also known as magneto-elastic) trans-
duction factor in determining the maximum possible power
generated at the load with a constant external B-field. We sim-
ultaneously showed that this power bound can be approached
if the two following conditions are satisfied. (i) The ME gen-
erator is operating at the anti-resonance frequency, and the
electrical load is optimized correspondingly. (ii) The elec-
tromechanical transduction factor reaches a particular range.
These alternative criteria (for both transduction mechanisms)
are more appropriate for evaluating the performance of a ME
WPTS than the ME coefficient that has been widely utilized
in the literature.
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Appendix A. Frequency response of the
magnetoelectric coefficient ayg

Figure Al shows the frequency response of the ME coef-
ficient apyg with the unit of Vem~!Oe~! that is the most
common use in the material science community. The simu-
lation results are calculated from (48) and the measured data
are given by (Vo /1,)/Ho, which are in good agreement. The
analytical solution of the ME constant at the anti-resonance
frequency, awmg,i, is able to predict exactly the maximum
attainable of ayg for a given ME transducer. The consistency
of the equivalent circuit model is demonstrated by two sets
of experiments with different ranges of the applied B—field.
As shown in figure 7, these two intervals are dependent on
the drive frequency and the initial values of By (or in other
words, the power input to the Helmholtz coil). The optimum
ME coefficient of the device under test is max{amg} ~= 40.8
Vem~'0e~!.

Appendix B. Resonator figure-of-Merit

At the resonance frequency wy, the figure of merit My of the
piezoelectric generator is given by

AK  T? 1 wt, \ 1
M:—:—p—:kz( p)f Bl
T Wb Coweb  \sEmv/b G

where I',, Co and wyg are taken from (40), (42) and (45),
respectively, and the squared expedient electromechanical
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Figure A1. Frequency response of the ME coefficient: Comparisons
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coupling coefficient is

&

(B2)
Sllzl 6?3

Introducing an effective compliance s., which is determ-
ined by

— B (B3)
kS33

we can write

V= (pse)_l~ (B4)

The effective mass of the piezoelectric layer can then be
defined as

wi, L
E

(7v)*

ST1

Se _
Moy = (WTEI) (WipL)p = (BS)

The mechanical quality factor of the piezoelectric resonator at
wy is derived as follows

Mepwo 1 thL ™o 1 wt,
= - . B6
Qo = b bsE(nv)? L bS”TFV (56)
From (B1) and (B6), we get
Mo = k;Qo,p- (B7)

Besides k2, M is widely used as an alternative to distinguish-
ing the low- and high-coupling regime.
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Figure C2. Top: Waveforms of the voltage and current input to the
Helmholtz coil that producing a magnetic flux density amplitude of
By = 314.62 uT. Bottom: Efficiency of the ME WPTS, measured
with different values of input power (and therefore generated B—
field).

Appendix C. An experimental study on transfer
efficiency

For low-power applications such as implantable medical
devices and wireless sensor networks, the efficiency is often
not the central objective. Instead, the ultimate goal is to max-
imize the power delivered to the load. However, it is still of
interest to investigate the transmission efficiency of the ME
WPTS.

Figure C2 shows an example of the input voltage and cur-
rent waveforms that generate a corresponding B—field amp-
litude of By = 314.62 uT. The average input power is numer-

ically calculated as
15)
/ pi(t)dt
3]

where [t1,#,] is the measured time interval, and p;(¢) is the
instantaneous power, p;i(t) = Vi(7)Ii(z). The system efficiency
is then determined by the ratio between the power induced on
the load and the power input to the network,

1
h—1n

(B8)

n=—. (B9)

P
The measurement is repeated with various values of P; (which
results in an alteration of the input B—field strengths accord-
ingly). As seen in the same figure, 7 is independent of By since
both of P; and P are proportional to B}. The average efficiency
of the device under test is 77 = 0.12 %, which is relatively lower
than that of an inductively coupled wireless power transfer
device [48-50], though, is comparable to an acoustic or RF
energy transmission system [12]. However, the power transfer
efficiency of the inductive coupling WPTS drops dramatically
as the dimensions of the receiver scale down to mm or ym
ranges [51]. Details of a brief quantitative comparison are
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Table C1. Comparison of several WPT systems with different transferring mechanisms.

Article Method Frequency Receiver size Distance Efficiency
[51], 2016 RIC 200 MHz 1 mm (diameter) 12 mm 0.56 %

[52], 2011 RIC 8 MHz 10 x 10 mm? 10 mm 54.98 %

[53], 2010 RF 1 GHz 2 x 2 mm? 40 mm 0.2 %

[54], 2014 RF 1.6 GHz 2 mm (diameter) 50 mm 0.04 %

[55], 2014 Acoustic 1 MHz 5 x 10 mm? 105 mm 1.6 %

[56], 2019 Acoustic 88 kHz 2 x 2 mm’® 20 mm 0.33 %

[4], 2018 MME 350 Hz 71.28 mm? - 25%x107% %
[6], 2019 ED 514 Hz 3cem? 10 mm 7 %

This work, 2019 ME 70.47 kHz 352 mm® - 0.12 %

presented in table C1. Here, we are not trying to cover all the
WPT-related work reported in the literature. Instead, we only
choose the latest and the most relevant papers focusing on bio-
medical applications as representatives.

For a given operating frequency, an efficient ME receiver
can be a few orders of magnitude smaller than that of inductive
coupling and RF WPT systems [15]. This advantage of the ME
transducer makes it promising for miniaturization, especially
for implantable medical devices. Furthermore, it is important
to note that the Helmholtz coil is not tuned to the mechanical
(anti-)resonance of the ME laminated composite. This means
the transmitter is subject to more electrical loss during transfer,
thus reducing the overall efficiency. The question of how to
improve 7 is open for further analysis in future work.

ORCID iD

Binh Duc Truong @ https://orcid.org/0000-0001-7108-4713

References

[1] Int. Commission on Non-Ionizing Radiation Protection 1998
Guidelines for limiting exposure to time-varying electric,
magnetic and electromagnetic fields (up to 300 ghz) Health
Phys. 75 494-522

[2] Int. Commission on Non-Ionizing Radiation Protection 2010
Guidelines for limiting exposure to time-varying electric
and magnetic fields (1 hz to 100 khz) Health Phys.

99 818-36

[3] Garraud A, Jimenez J D, Garraud N and Arnold D P 2014
Electrodynamic wireless power transmission to rotating
magnet receivers J. Phys.: Conf. Ser. 557 012136

[4] Truong B D and Roundy S 2018 Wireless power transfer
system with center-clamped magneto-mechano-electric
(MME) receiver: model validation and efficiency
investigation Smart Mater. Struct. 28 015004

[5] Truong B D, Williams S and Roundy S 2019 Experimentally
validated model and analytical investigations on power
optimization for piezoelectric-based wireless power transfer
systems J. Intell. Mater. Syst. Struct. 30 2464-77

[6] Garraud N, Garraud A, Munzer D, Althar M and Arnold D P
2019 Modeling and experimental analysis of rotating
magnet receivers for electrodynamic wireless power
transmission J. Phys. D: Appl. Phys. 52 185501

[7] IEEE 2006 IEEE standard for safety levels with respect to
human exposure to radio frequency electromagnetic fields,
3 khz to 300 ghz IEEE Std C95.1-2005 (Revision of IEEE
Std C95.1-1991) 1-238

[8] Lee S, SuM Y, Liang M, Chen Y, Hsieh C, Yang C, Lai H,
Lin J and Fang Q 2011 A programmable implantable
microstimulator soc with wireless telemetry: Application in
closed-loop endocardial stimulation for cardiac pacemaker
IEEE Trans. Biomed. Circuits Syst. 5 511-22

[9] Monti G, Arcuti P and Tarricone L 2015 Resonant inductive
link for remote powering of pacemakers IEEE Trans.
Microw. Theory Tech. 63 3814-22

[10] Campi T, Cruciani S, Palandrani F, De Santis V, Hirata A and
Feliziani M 2016 Wireless power transfer charging system
for aimds and pacemakers IEEE Trans. Microw. Theory
Tech. 64 633-42

[11] McRobbie D 2011 Concerning guidelines for limiting
exposure to time-varying electric, magnetic and
electromagnetic fields (1 hz-100 khz) Health Phys. 100 04

[12] Basaeri H, Christensen D B and Roundy S 2016 A review of
acoustic power transfer for bio-medical implants, Smart
Mater. Struct. 25 123001

[13] Ortega N, Kumar A, Scott J F and Katiyar R S 2015
Multifunctional magnetoelectric materials for device
applications J. Phys.: Condens. Matter. 27 504002

[14] Spaldin N A and Ramesh R 2019 Advances in magnetoelectric
multiferroics Nat. Mater. 18 203-12

[15] Nan T eral 2017 Acoustically actuated ultra-compact nems
magnetoelectric antennas Nat. Commun. 8 12

[16] Rontgen W C 1888 Ueber die durch bewegung eines im
homogenen electrischen felde befindlichen dielectricums
hervorgerufene electrodynamische kraft Ann. Phys., Lpz.
271 264-70

[17] Debye P 1926 Bemerkung zu einigen neuen versuchen iiber
einen magneto-elektrischen richteffekt Z. fiir Phys.

36 300-1

[18] van Suchtelen J 1972 Product properties: A new application of
composite materials Philips Res. Rep. 27 28-37

[19] RyuJ, Carazo A V, Uchino K and Kim H-E 2001
Magnetoelectric properties in piezoelectric and
magnetostrictive laminate composites Japan. J. Appl. Phys.
40 4948-51

[20] Dong S, Li J-F and Viehland D 2003 Longitudinal and
transverse magnetoelectric voltage coefficients of
magnetostrictive/piezoelectric laminate composite: theory
IEEE Trans. Ultrason. Ferroelectr. Freq. Control
50 1253-61

[21] Dong S, Jie-Fang Li and Viehland D 2004 Longitudinal and
transverse magnetoelectric voltage coefficients of
magnetostrictive/ piezoelectric laminate composite:
experiments /EEE Trans. Ultrason. Ferroelectr. Freq.
Control 51 794-9

[22] GaoJ, Gray D, Shen Y, Li J and Viehland D 2011 Enhanced dc
magnetic field sensitivity by improved flux concentration in
magnetoelectric laminates Appl. Phys. Lett. 99 153502

[23] Wang Y, Li M, Hasanyan D, Gao J, Li J and Viehland D 2012
Geometry-induced magnetoelectric effect enhancement and


https://orcid.org/0000-0001-7108-4713
https://orcid.org/0000-0001-7108-4713
https://doi.org/10.1088/1742-6596/557/1/012136
https://doi.org/10.1088/1742-6596/557/1/012136
https://doi.org/10.1088/1361-665X/aaeb6a
https://doi.org/10.1088/1361-665X/aaeb6a
https://doi.org/10.1177/1045389X19862383
https://doi.org/10.1177/1045389X19862383
https://doi.org/10.1088/1361-6463/ab0643
https://doi.org/10.1088/1361-6463/ab0643
https://doi.org/10.1109/TBCAS.2011.2177661
https://doi.org/10.1109/TBCAS.2011.2177661
https://doi.org/10.1109/TMTT.2015.2481387
https://doi.org/10.1109/TMTT.2015.2481387
https://doi.org/10.1109/TMTT.2015.2511011
https://doi.org/10.1109/TMTT.2015.2511011
https://doi.org/10.1097/HP.0b013e31820c2101
https://doi.org/10.1097/HP.0b013e31820c2101
https://doi.org/10.1088/0964-1726/25/12/123001
https://doi.org/10.1088/0964-1726/25/12/123001
https://doi.org/10.1088/0953-8984/27/50/504002
https://doi.org/10.1088/0953-8984/27/50/504002
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1038/s41467-017-00343-8
https://doi.org/10.1038/s41467-017-00343-8
https://doi.org/10.1002/andp.18882711003
https://doi.org/10.1002/andp.18882711003
https://doi.org/10.1007/BF01557844
https://doi.org/10.1007/BF01557844
https://doi.org/10.1143/JJAP.40.4948
https://doi.org/10.1143/JJAP.40.4948
https://doi.org/10.1109/TUFFC.2003.1244741
https://doi.org/10.1109/TUFFC.2003.1244741
https://doi.org/10.1109/TUFFC.2004.1320738
https://doi.org/10.1109/TUFFC.2004.1320738
https://doi.org/10.1063/1.3650713
https://doi.org/10.1063/1.3650713

Smart Mater. Struct. 29 (2020) 085053

B D Truong and and S Roundy

noise floor reduction in metglas/piezofiber sensors Appl.
Phys. Lett. 101 092905

[24] Wang Z et al 2016 Highly sensitive flexible magnetic sensor
based on anisotropic magnetoresistance effect Adv. Mater.
28 9370-7

[25] Gajek M, Bibes M, Fusil S, Bouzehouane K, Fontcuberta J,
Barthelemy A and Fert A 2007 Tunnel junctions with
multiferroic barriers Nat. Mater. 6 296-302

[26] Yang F, Zhou Y C, Tang M H, Liu F, Ma Y, Zheng X J,
Zhao W F, Xu H'Y and Sun Z H 2009 Eight-logic memory
cell based on multiferroic junctions J. Phys. D: Appl. Phys.
42 072004

[27] HuJ-M, Li Z, Chen L-Q and Nan C-W 2011 High-density
magnetoresistive random access memory operating at
ultralow voltage at room temperature Nat.
Commun. 2 553

[28] Geiler A L et al 2010 Multiferroic heterostructure fringe field
tuning of meander line microstrip ferrite phase shifter Appl.
Phys. Lett. 96 053508

[29] Lee J, Hong Y-K, Lee W, Abo G S, Park J, Neveu N,
Seong W-M, Park S-H and Ahn W-K 2012 Soft m-type
hexaferrite for very high frequency miniature antenna
applications J. Appl. Phys. 111 07A520

[30] Liu M, Howe B M, Grazulis L, Mahalingam K, Nan T,
Sun N X and Brown G J 2013 Voltage-impulse-induced
non-volatile ferroelastic switching of ferromagnetic
resonance for reconfigurable magnetoelectric microwave
devices Adv. Mater. 25 4886-92

[31] O’Handley R C, Huang J K, Bono D C and Simon J 2008
Improved wireless, transcutaneous power transmission for
in vivo applications /EEE Sens. J. 8 57-62

[32] Newacheck S and Youssef G 2019 Wireless energy transfer
based on strain-mediated composite multiferroics, Smart
Mater. Struct. 29 015014

[33] Leung C M, Li J, Viehland D and Zhuang X 2018 A review on
applications of magnetoelectric composites: from
heterostructural uncooled magnetic sensors, energy
harvesters to highly efficient power converters J. Phys. D:
Appl. Phys. 51 263002

[34] Chu Z, PourhosseiniAsl M and Dong S 2018 Review of
multi-layered magnetoelectric composite materials
and devices applications J. Phys. D: Appl. Phys.
51 243001

[35] Cheng Y, Peng B, Hu Z, Zhou Z and Liu M 2018 Recent
development and status of magnetoelectric materials and
devices Phys. Lett. 382 3018-25

[36] Sirohi J and Chopra I 2000 Fundamental understanding of
piezoelectric strain sensors J. Intell. Mater. Syst. Struct.
11 246-57

[37] Bichurin M I, Petrov V M and Srinivasan G 2002 Theory of
low-frequency magnetoelectric effects in
ferromagnetic-ferroelectric layered composites J. Appl.
Phys. 92 7681-3

[38] Osaretin I A and Rojas R G 2010 Theoretical model for the
magnetoelectric effect in magnetostrictive/piezoelectric
composites Phys. Rev. B 82 174415 p

[39] Subhani S M, Chelvane J A and Arockiarajan A 2018
Experimental investigation of performance of tri-layered

magnetoelectric composites under thermal environment J.
Phys. D: Appl. Phys. 51 295001

[40] Bian L, Wen Y, Li P, Gao Q and Zheng M 2009
Magnetoelectric transducer with high quality factor for
wireless power receiving Sensors Actuators A: Phys.
150 207-11

[41] Wang Y, Hasanyan D, Li M, Gao J, Li J, Viehland D and
Luo H 2012 Theoretical model for geometry-dependent
magnetoelectric effect in magnetostrictive/piezoelectric
composites J. Appl. Phys. 111 124513

[42] Jorge Nocedal S W 2006 Numerical Optimization (New York:
Springer)

[43] Domann J P, Loeffler C M, Martin B E and Carman G P 2015
High strain-rate magnetoelasticity in galfenol J. Appl. Phys.
118 123904

[44] Summers E, Meloy, R and Restorff J B 2009 Galfenol alloying
additions and the effects on uniaxial anisotropy generation
J. Appl. Phys. 106 024914

[45] Chang C-M and Carman G P 2007 Experimental evidence of
end effects in magneto-electric laminate composites J. Appl.
Phys. 102 124901

[46] Zhao C P, Fang F and Yang W 2010 A dual-peak phenomenon
of magnetoelectric coupling in laminated
terfenol-d/PZT/terfenol-d composites, Smart Mater. Struct.
19 125004

[47] Zhou H-M, Li M-H, Li X-H and Zhang D-G 2016 An
analytical and explicit multi-field coupled nonlinear
constitutive model for terfenol-d giant magnetostrictive
material Smart Mater. Struct. 25 085036

[48] Kurs A, Karalis A, Moffatt R, Joannopoulos J D, Fisher P and
Soljaci¢ M 2007 Wireless power transfer via strongly
coupled magnetic resonances Science 317 83-6

[49] Moore J, Castellanos S, Xu S, Wood B, Ren H and Tse Z T H
2018 Applications of wireless power transfer in medicine:
State-of-the-art reviews Ann. Biomed. Eng. 47 22-38

[50] Schormans M, Valente V and Demosthenous A 2018 Practical
inductive link design for biomedical wireless power
transfer: A tutorial IEEE Trans. Biomed. Circuits Syst.
12 1112-30

[51] Ahn D and Ghovanloo M 2016 Optimal design of wireless
power transmission links for millimeter-sized biomedical
implants /EEE Trans. Biomed. Circuits Syst. 10 125-37

[52] Silay K M, Dehollain C and Declercq M 2011 Inductive power
link for a wireless cortical implant with two-body
packaging IEEE Sens. J. 11 2825-33

[53] Poon A S'Y, O’Driscoll S and Meng T H Optimal frequency
for wireless power transmission into dispersive tissue /EEE
Trans. Antennas Propag. 58 1739-50 2010

[54] HoJ S, Yeh A J, Neofytou E, Kim S, Tanabe Y, Patlolla B,
Beygui R E and Poon A S Y 2014 Wireless power transfer
to deep-tissue microimplants Proc. Natl Acad. Sci.
111 7974-9

[55] Mazzilli F, Lafon C and Dehollain C 2014 A 10.5 cm
ultrasound link for deep implanted medical devices IEEE
Trans. Biomed. Circuits Syst. 8 738-50

[56] Basaeri H, Yu 'Y, Young D and Roundy S 2019 A mems-scale
ultrasonic power receiver for biomedical implants /EEE
Sensors Lett. 3 1-4


https://doi.org/10.1063/1.4737906
https://doi.org/10.1063/1.4737906
https://doi.org/10.1002/adma.201602910
https://doi.org/10.1002/adma.201602910
https://doi.org/10.1038/nmat1860
https://doi.org/10.1038/nmat1860
https://doi.org/10.1088/0022-3727/42/7/072004
https://doi.org/10.1088/0022-3727/42/7/072004
https://doi.org/10.1038/ncomms1564
https://doi.org/10.1038/ncomms1564
https://doi.org/10.1063/1.3309592
https://doi.org/10.1063/1.3309592
https://doi.org/10.1063/1.3679468
https://doi.org/10.1063/1.3679468
https://doi.org/10.1002/adma.201301989
https://doi.org/10.1002/adma.201301989
https://doi.org/10.1109/JSEN.2007.912899
https://doi.org/10.1109/JSEN.2007.912899
https://doi.org/10.1088/1361-665X/ab545b
https://doi.org/10.1088/1361-665X/ab545b
https://doi.org/10.1088/1361-6463/aac60b
https://doi.org/10.1088/1361-6463/aac60b
https://doi.org/10.1088/1361-6463/aac29b
https://doi.org/10.1088/1361-6463/aac29b
https://doi.org/10.1016/j.physleta.2018.07.014
https://doi.org/10.1016/j.physleta.2018.07.014
https://doi.org/10.1106/8BFB-GC8P-XQ47-YCQ0
https://doi.org/10.1106/8BFB-GC8P-XQ47-YCQ0
https://doi.org/10.1063/1.1522834
https://doi.org/10.1063/1.1522834
https://doi.org/10.1103/PhysRevB.82.174415
https://doi.org/10.1103/PhysRevB.82.174415
https://doi.org/10.1088/1361-6463/aacc92
https://doi.org/10.1088/1361-6463/aacc92
https://doi.org/10.1016/j.sna.2009.01.003
https://doi.org/10.1016/j.sna.2009.01.003
https://doi.org/10.1063/1.4729832
https://doi.org/10.1063/1.4729832
https://doi.org/10.1063/1.4930891
https://doi.org/10.1063/1.4930891
https://doi.org/10.1063/1.3177325
https://doi.org/10.1063/1.3177325
https://doi.org/10.1063/1.2822455
https://doi.org/10.1063/1.2822455
https://doi.org/10.1088/0964-1726/19/12/125004
https://doi.org/10.1088/0964-1726/19/12/125004
https://doi.org/10.1088/0964-1726/25/8/085036
https://doi.org/10.1088/0964-1726/25/8/085036
https://doi.org/10.1126/science.1143254
https://doi.org/10.1126/science.1143254
https://doi.org/10.1007/s10439-018-02142-8
https://doi.org/10.1007/s10439-018-02142-8
https://doi.org/10.1109/TBCAS.2018.2846020
https://doi.org/10.1109/TBCAS.2018.2846020
https://doi.org/10.1109/TBCAS.2014.2370794
https://doi.org/10.1109/TBCAS.2014.2370794
https://doi.org/10.1109/JSEN.2011.2170676
https://doi.org/10.1109/JSEN.2011.2170676
https://doi.org/10.1109/TAP.2010.2044310
https://doi.org/10.1109/TAP.2010.2044310
https://doi.org/10.1073/pnas.1403002111
https://doi.org/10.1073/pnas.1403002111
https://doi.org/10.1109/TBCAS.2013.2295403
https://doi.org/10.1109/TBCAS.2013.2295403
https://doi.org/10.1109/LSENS.2019.2904194
https://doi.org/10.1109/LSENS.2019.2904194

	Experimentally validated model and power optimization of a magnetoelectric wireless power transfer system in free-free configuration
	1. Introduction
	2. Mathematical analysis and essential equations
	3. Equivalent two-port model
	4. Magnetoelectric coefficient
	5. Power optimization
	5.1. Analytical solution of output power
	5.2. Optimum power at resonance and anti-resonance frequencies

	6. Model validations
	6.1. Experimental setup
	6.2. Parameter identifications
	6.3. Experimental validations

	7. Discussions
	8. Conclusions
	Acknowledgment
	Appendix A. Frequency response of the magnetoelectric coefficient ME
	Appendix B. Resonator figure-of-Merit
	Appendix C. An experimental study on transfer efficiency
	References




