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Abstract: As the size of biomedical implants and wearable devices becomes smaller, the need
for methods to deliver power at higher power densities is growing. The most common method
to wirelessly deliver power, inductively coupled coils, suffers from poor power density for very
small-sized receiving coils. An alternative strategy is to transmit power wirelessly to magnetoelectric
(ME) or mechano-magnetoelectric (MME) receivers, which can operate efficiently at much smaller
sizes for a given frequency. This work studies the effectiveness of ME and MME transducers as
wireless power receivers for biomedical implants of very small (<2 mm?) size. The comparative study
clearly demonstrates that under existing safety standards, the ME architecture is able to generate a
significantly higher power density than the MME architecture. Analytical models for both types of
transducers are developed and validated using centimeter scale devices. The Institute of Electrical
and Electronics Engineers (IEEE) and the International Commission on Non-lonizing Radiation
Protection (ICNIRP) standards were applied to the lumped elements models which were then used
to optimize device dimensions within a 2 mm3 volume. An optimized ME device can produce
21.3 mW/mm? and 31.3 uW/mm? under the IEEE and ICNIRP standards, respectively, which are
extremely attractive for a wide range of biomedical implants and wearable devices.

Keywords: wireless power transfer; magnetoelectric transducers; piezoelectric transducers;
biomedical implants

1. Introduction

The current explosion of wearable devices has led to increased attention on methods to power
them from harvested energy. Implantable Medical Devices (IMDs) might be considered a natural
extension of wearable devices especially in the context health related applications. This paper will
discuss methods to wirelessly transmit power to IMDs. However, the same methods and devices could
easily be applied to wearable devices in order to enhance their usability.

Currently, the most common way to power IMDs is via a direct (wired) external source or a
battery implanted along with the IMD. Direct power delivery may cause limitations to patient mobility
and creates medical risks associated with passing wires transcutaneously. Batteries help mitigate the
problems presented by the direct powering method, however they have finite lifetimes and require
periodic replacement. This concern is particularly relevant as the sensing and computation components

of IMDs become very small (i.e., 1 mm?

or smaller). In light of these concerns, a Wireless Power Transfer
(WPT) system would appear to be a promising solution.
Acoustic WPT systems have recently been investigated largely due to the fact that acoustic power

has low attenuation in soft tissue and short wavelengths (compared to electromagnetic wavelengths)
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which increases the efficiency of very small receivers. However, acoustic power transfer systems are
complicated by poor transmission through bone and the need for the transmitter to be in direct contact
with the skin [1]. For a detailed review of acoustic WPT systems applied to IMDs the reader is referred
to [2].

Electromagnetic WPT systems have been widely investigated for use by IMDs. For the purposes
of this paper, we classify electromagnetic WPT as either Inductive Power Transfer (IPT) if the coupling
is in the near field, or Radio Frequency (RF) if the coupling is in the mid field (i.e., transition region)
or far field. Inductive coupling techniques appear to be the most advanced for powering implants.
Inductive coupling utilizes a pair of coils that must be physically close and well aligned to allow for the
transfer of power. Subsequently, the power transfer is highly dependent on the size, orientation, and
distance between the coils [3]. Ultimately, these dependencies make this form of WPT most viable for
IMDs (such as pacemakers [4]) where the depth of the implant is relatively shallow and the alignment
of the coils can be well controlled.

Unlike acoustic and inductively coupled systems, alignment is not as critical for RF WPT systems
because receivers do not need to be tightly coupled to the transmitter. However, as the size of receivers
decrease, the operating frequency must increase to a level where tissue tends to absorb and attenuate
the transmitted signal [5]. This attenuation is not only inefficient, but it is potentially hazardous
because of associated tissue heating. A technology that could make efficient use of low frequency
electromagnetic power transfer at a distance could be a significant enabler for very small implantable
systems. Magnetoelectric (ME) transducers could be such a technology.

The magnetoelectric effect refers to any type of coupling between electric and magnetic fields
found in matter [6]. The ME effect was first demonstrated experimentally in 1960 when Dzyaloshinskii
witnessed it in CryO3 [7]. Despite this breakthrough, subsequent research showed that at best
the magnetoelectric coefficient for bulk materials such as Cr,Os was very low, on the order of
100 mV/(cm-Oe) [7]. This, along with other various complications, kept the materials from being used
much in practical applications [6]. Before the ME effect was even observed in bulk materials, Tellegen
suggested developing composites that demonstrated a cumulative ME effect [8]. The implication here
is that by coupling two separate physical effects (piezoelectric (PE) and magnetostrictive (MS)) in two
separate materials an equivalent ME effect could be obtained. In PE materials, the mechanical strain
and electric field are coupled. In MS materials, the mechanical strain and magnetic field are coupled.
By linking two such materials mechanically, the resulting pseudo ME effect can be demonstrated
simply as [9]

electrical mechanical

ME Effect = — X . @)
mechanical ~ magnetic

where the mechanical components in essence cancel out. In 1998 Shin et al. attempted a three-layer
laminate composite approach where the MS material was sputtered as a thin film onto a glass substrate
which was then bonded onto a PE base. This design has become known in the literature as a unimorph.
By applying a voltage to the PE, the bending strain induced into the MS material caused large changes
to its magnetic properties [10].

Building on the ME laminate approach taken by Shin et al., Ryu et al. developed another ME
laminate using a sandwich design. This design used silver epoxy to bond a PZT-5A PE disk between
two Terfenol-D MS disks. Measuring the magnetoelectric coefficient under various magnetic field
strengths yielded values up to 4.68 V/(cm-Oe) [11]. Not only was this an overwhelming improvement
to the magnetoelectric coefficient, it brought the ME effect to a point of usefulness. Following closely
on the work done by Ryu et al., Dong et al. published a series of papers which have become
seminal works for the design and modeling of sandwich, or extensional bimorph, ME transducer
designs and configurations [12-15]. Their work created model subsets for each of the four coupling
orientation combinations possible for the PE and MS materials within the laminate structure. These
configurations are compiled and shown in Figure 1 and indicate whether the PE and MS materials are
poled longitudinally or transversely to the bimorph structure.
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configuration was chosen for further consideration. The laminate is considered to be mounted at the
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The mechanical damping coefficient, Z,,, inductance (inertia), L,,, and capacitance (compliance),
C,,; are defined as

N 7‘[Z0 kg
2= g0 | 5] ©
o 7TZO
Ly = T, [kg] 7)
1 52
Cm = Tng |:kg:| (8)

where Qy, is the effective mechanical quality factor for the laminate, ws is the fundamental frequency
of the laminate, and Z is the characteristic mechanical impedance of the laminate in the extensional
model. These remaining lumped mechanical parameters were derived by Dong et al. [15] by solving
the second order equation of motion for the system. The results of this derivation are summarized in
Table 1.

Table 1. Lumped parameter equations for L-L magnetoelectric (ME) laminate. Adapted from [15].

Lumped Parameter Variable Constitutive Equation
Characteristic Mechanical Impedance, Z, Zy = pavg * (A1 + A2) [k—sg]
Average Laminate Density, pavg Pavg = % [%]
Magnetoelectric Wave Speed, v v=/d+ (tT”) [2]
33 11
Volumetric Layer Ratio, n n= Wzm
Fundamental Frequency, ws wg = % {%]
-1
Effective Laminate Quality Factor, Q;, Qm = < Q” + 1(2*”)
Magnetostrictive Material Density, ps Material property
Piezoelectric Material Density, ppe Material property
Magnetostrictive Quality Factor, Qs Material property
Piezoelectric Quality Factor, Qp. Material property

A frequency domain circuit analysis on the equivalent circuit of Figure 3 yields the following
expression for the effective ME coefficient,

a VL Pp Pm
me B .
oH jwCo + —RlL Zm + jwLy + ]‘Tlcm + 32/

[ A‘/’m] ©)

where § < 1 is the ME bias factor, which will be discussed in more depth in the following section, w is
the operating frequency of the magnetic field H, and Z' is the impedance of the electrical portion of
the circuit of Figure 3 given by
Ry
/

= jwCoRL +1 jwColQY] (10)

One will note that the piezoelectric coupling factor, ¢, in Equation (9), is not squared as it is
in [15]. It appears that this is an error in the reporting of the original model in [15].
The zero-peak load voltage (V) can then be calculated by

Vi = Hp|ame| [V] (11)

where H) is the magnitude of the sinusoidal magnetic field. Finally, the RMS power (Prps) is
calculated as 5
1Vf

Prms = 2R, (W] (12)



V., = leamel [V] (11)

where H,, is the magnitude of the sinusoidal magnetic field. Finally, the RMS power (Pgys) is
calculated as

. 1 V72
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where
AK

Ml:bi(ul

(20)

In this case, the optimal load resistance is calculated as

M? 41
Ry = VI @1

w1,

For the sake of simplicity, the variables and constitutive equations that compose Equations
(14)—(21) are summarized in Table 2. One can note that the model for the MME is significantly more
convenient than the ME model because there is a closed-form solution for the optimal load and power.
A full derivation of Equations (14) though (21) is found in [18]. (Note that unlike [18], Figure 5 neglects
the finite length of the center clamp. However, this has no effect on the generality of the model.).

Table 2. Lumped parameters for MME transducer.

Lumped Parameter Variable Constitutive Equation
Bean Length, L Dimension
Beam Length up to Magnet, L Dimension
Beam Substrate Thickness, tg Dimension
PE Layer Thickness, ¢, Dimension
Magnet Mass, M M = ppVy [kg]
Magnet Mass, M M = pp Vi [kg]
Beam Mass, m,, my = psVs + ppe Vpg [kg]
33
Equivalent Mass, m m = M+ qg5mp [(m]
_ 3M
Equivalent Moment Force, Fy, Fp = ﬁ [N]
Ky = 30D [N
Short-circuit Stiffness, K 0 B, Lm
_ N
Open-circuit Stiffness Ky = Ko +AK E]
Piezoelectric Capacitance, Cy Co = ti%p [F]
Open-circuit resonance Frequency, w; wy = % [%]

2.3. Fabrication of Test Structures

Two ME transducers were built to validate the model. Two material structure combinations were
built: a Galfenol and lead zirconate titanate (PZT) laminate and a Metglas 26055A1 (Metglas® Inc.,
Conway, SC, USA) and polyvinylidene fluoride (PVDF) laminate. Terfenol-D was avoided due to the
difficulties associated with machining a brittle, pyrophoric material.

To build the Galfenol-PZT device, 25.4 mm diameter TdVib Galfenol (TdVib LLC, Ames, 1A, USA)
was cut using electrical discharge machining into two 10 mm x 20 mm x 370 um sheets poled along
the 20 mm length. The PE material used was 1.02 mm thick Piezo Systems PZT-5A (T140-A4E-602,
Piezo.com, Division of Mide Technology, Woburn, MA, USA) which was cut using a diamond blade
dicing saw to a single 10 mm x 20 mm sheet poled through the thickness. The three layers were then
bonded together such that the PE layer was sandwiched between the ME layers. EPO-TEK H20S silver
filled (conductive) epoxy was used to adhere the laminate. The epoxy was cured using a heat press,
following the epoxy’s minimum cure instructions. Finally, two 0.635 mm right angle header pins were
bonded to the top and bottom Galfenol. This bond was done using MG Chemicals silver conductive
epoxy given that the joint wasn’t structural. This epoxy was cured overnight at room temperature.
The resulting transducer can be seen in Figure 7a.



heat press at the minimum prescribed cure. Similar leads were also bonded as before, however this
time on the center flange of the PVDF. The final structure can be seen in Figure 7b.
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TR iR pmporant o nels e b Vol melals SR
II: afd f\%te]%ﬁ ViR Sc%"rer a S%% e o %Q:*%“asmghlﬁgl’é]ﬁ‘? i
ik i L ue B e o o i Hheae Shest ere ol

mm X 2 owever, a small tab was left so that electrical leads could be attached to the PE
whlle Usipg g-a-nonceo ducti ive epoxy; EPO-TEK H70E was used
for its PE:I n%:ﬁa mirfimum bgnd line ol ¥ess than 20 um com: to Ithe silver filled alternative
whichE 5 measured o the Galfehol- ]:’ T deyice to be about 35 um_As q:fore, e epoxy wab cured
in a helt preas i e mini pYescribgd cyre. Suﬁ@é‘fééﬁs weredlsobor{ded af B&%ﬁ’gr hpwever
this time jon the center fl the P\}D Tlye final sfructyre can bese 1Ip i 7%upp Y

The MME device w &:uanmructed omgan of off-the-ghelf PZT4A bjrhorph from Piezo Systems
Inc. with pverall dimensior8@fp2.55 ><:3 75 X0r tr-TWo Neodymiu :m et cubes of 3.175 mm
on each edge were borided to the ends 0 Ram i The final structure is
shown in |FasaiHeseope S T !

| Transducer Voltage M \ Nested
2.4. Experymental Methogls RL

Helmholtz Coil

In order to ch@racteréz&th ME an reranS Jlrl%grsg)yceergrsﬁ apsste Hrulnhholtz coil was constructed
to create a uniform a%ternatmg current (AC) magnetic field superlmposed on 8 DC magnetic field. By
superimposing the two fields, ME transducers could be both biased with the DC field and driven with
the AC field. (Note that the MME transducer does not need a DC biasing field.). The system diagram
for this setup and the nested Helmholtz coil are shown in Figure 8.

The nested Helmholtz coil can deliver an AC magnetic field (Hy) of 2-Oe (2 G in air) at 150 kHz
with a 40-watt, 50 2 amplifier (E&I 240L, Rochester, NY, USA) with no additional circuitry (i.e., tuned
resonating capacitors) and a DC magnetic field (Hpc) of 16-Oe without exceeding the safe wire gauge
current. The uniformity of the field was measured using an AlphalLab UHS2 gaussmeter. The AC
coil was measured to have 2% field variation over £1.5 cm at the coil origin (the point co-linear to
the coil axis and equidistant from the inner coil faces) along the axial center line. The DC coil had
less than 5% variation over the same length. For this and all other work the AC coil was driven by a
Tektronix AFG1022 signal generator (Tektronix Inc., Beaverton, OR, USA) and either an E&I 240L (E&I,
Rochester, NY, USA) or a Rigol PA1011 amplifier (Rigol Technologies Inc., Beaverton, OR, USA). The
DC coils were driven with a B&K Precision 9201 power supply (B&K Precision Corporation, Yorba
Linda, CA, USA).
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In order to characterize the ME and MME transducers, a nested Helmholtz coil was constructed
to create a uniform alternating current (AC) magnetic field superimposed on a DC magnetic field. By
superimposing the two fields, ME transducers could be both biased with the DC field and driven
Watdiidh20RA 2%}, (Note that the MME transducer does not need a DC biasing field.) The siistéht
diagram for this setup and the nested Helmholtz coil are shown in Figure 8.
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sufficient i bias the Ealiendr oI Nk tristtirawhishreayiies e Pias disld P 90p o b O  Iisis ot
sesenshaxpiasingpethedwasinduder fes desh s st wisu T aralls! DRANPds I e BARREL
Hepnees s ehRud 48 HgW fn ?’iﬁwwgg theNigtag e befvesithstwesagRaR Y kg lannted
i%%&msgggg‘s%bx@& septersAiaradusercanhsadivsted wehdhatibreddombe palfanplitiid

fRHEPYST ME structure.

[— |

[— ]

Figure 9: Biasing magne! aransement and rexuiing feld Hnes: Transducer is shown in between the
WO ma neEs.
WO magnets.

The fellewing three basie steps were performed to characterize the ME and MME deviees and
validate the lumped element medels: optimize magnetic field bias, measure open eireuit voltage asa
funetion of frequency and magnetic field, measure power deliversd {9 an optimized resistive load-

To deferming theonsimah figld Pipmtorgaeh M B fransdisericasnalhAf Adtdmha frequsngrnissey
thedericeimarparee natapRishppilathere Heddpasislemibagverntihaddpiclt thpiomaximiret
the eipen.sirawitdperyeltagn RredusrddyghsdiEed v an pclervrd todedbenardmabbclkd Jhais
field wrReOTtas Ry Whes RfestetisHprieeDdetglas-For ek edrdesl and wiap pawndetarke da O tnidhe
Mebal el ¥ Plhd avicgyahipviDprihie samaced st obnagnithdessiiher rargrrd Meisbaisrnsdueaid
WRkolies theralfenlP2T deyicmdhedperdinlgrrsievier! Mevexyingithovdistanep bekyoany g tre
BRIRRepEiRaghee: fhe Rnbinddickhsamponsararbichitodhe psndicphlsnathowis imsattiad
popenthelength ofctha1bapstiugen pith pmAtphalah M TR A BB eior e dieegam sV aTeRs
sheanstl oh ARG WitheahOsrdsraion fiem 2y e ghedsitishtho lanatbrab the dssd ereltdratiss fRe
bissidicldilevalere G S0 ak ARSI TS RSB ErtQWEHSS [k phifler Hswiepalforeamrd desre o
reRdied binr ARl defrR09 6299 fiea d eponglisgmeheepleHaiHE Aeig AR e g AT P MPS SRENVE
1esoRalled3ré4donable [13,27].

Open eireuit mMeashrements were performed By sweeping the frequency of the magnetie field
from % to 1P5bib A4 2atstefol212 sHak 0 eryengd tatal durasion) THeerdisld anpliivgde was set at
Iy, =11 Qseait S Wi, MOWANAE: M Vallie afteniaied 23 the sweep progiesied die 19 the inereasing

coil impedance. To compensate, the magnetic field level and open circuit transducer voltage were
measured simultaneously and then normalized for all of the sweeps performed. The normalization
was done by performing an FFT on the signals then dividing the resulting transducer voltage
amplitude by the field amplitude. The result was then multiplied by Hgys =0.707 Oe to find the
open circuit RMS voltage, Vprys, across the sweep frequency. It should be noted that this
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coil impedance. To compensate, the magnetic field level and open circuit transducer voltage were
measured simultaneously and then normalized for all of the sweeps performed. The normalization was
done by performing an FFT on the signals then dividing the resulting transducer voltage amplitude
by the field amplitude. The result was then multiplied by Hgps = 0.707 Oe to find the open circuit
RIS RIA0AE LI SO S EEE-BEY R sweep frequency. It should be noted that this normalizatioh!d¥es
make the assumption that the transducer ]ferformance is linear, as does the model to which it will be
Qonpaizptiandoss makqdheasamrtionihatihy tandcen PSHamanssiRting ré%ﬁé'}?ﬁ%e%%%gy%%l
tﬁ‘?eﬁ‘ﬁcg it will e gemparedpThis ass: | tion is common for many transducers and was validated
expeimentally for.theME, fansdugets ec%ﬁrsli}sot%n L1y e}ealje%%gis‘ﬂity test was performed with the
Galfeh3EPHFLIAL tes AR RIVe TS Sonsigtentadds S gle&zé}g%tﬂgss&egé% efnyihdhe Galenel
T4 dsvicedNins, s avste TR Aftsy achawesy dheiara holdinghe ransdissr wasameyss
heRasRIa e e A R R R YRR Ceans deehb At Alapd emere S 1o m thig Rias e srinsly
then rtee-rgzggﬁed. The results of these sweeps can be seen in Figure 10, which indicate consistent

consis ormance.
performance.
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ttheteptiinaltheadp i hlaainTine gemcinnteth [geweratest pakeer to bk tiepdowbe dhesproatet dissiqpated et
ttessuginae thpoingtl oadpesisabloitisgsied Uleisvasaegsbatedifas rephaté dhiotiaecttypdhefhired dyprs
ofddetireniidatd ehédumlpdateldmdnmpedeilement models.
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3. Resulis

A iy gl of thhts wiasik ifs te rigasesindly conipe difffoenit magnetraliadic thanmducer
andhitectuies for use as wireless power resdiveaes fiartiinneciiadliimpplards THhepmpERicha kekeR i
t@edeisppomoridelsoioe cashaneltidestives expeetineentiilyy valldlate theose models using offfthe-sellf
mvatesiall, and them use e models 1o eptinnize and compaie eadh aidhiectuie withhin the comsiuins
of & biemedical inplamt. This section contains botih the experimental esulls that validate the models
and e ressls off thecistainrd eptinizattivhprsesiirect eoceonisacecasthoaebifiestuiee.

3.1. Model Validation Results

The measured and simulated open circuit voltage as a function of frequency for the Metglas-
PVDF device is shown in Figure 11. (The open circuit voltage for the Galfenol-PZT device is shown
above in Figure 10) In both cases, the DC magnetic field was optimally biased prior to the
measurements. In the case of the galfenol-PZT device, both the measured voltage magnitude and
resonance frequency match the simulation very closely. In the case of the Metglas-PVDF device, the

e o~ o~ Ik IR DR SR TR [ TP ISR T [ ¥ ¢ 72N PR (DN . S [ T (R (R (N ) 1
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3.1. Model Validation Results

The measured and simulated open circuit voltage as a function of frequency for the Metglas-PVDF
device is shown in Figure 11. (The open circuit voltage for the Galfenol-PZT device is shown above in
Figure 10) In both cases, the DC magnetic field was optimally biased prior to the measurements. In
the case of the galfenol-PZT device, both the measured voltage magnitude and resonance frequency
match the simulation very closely. In the case of the Metglas-PVDF device, the measured peak output
voltage is approximately 3% below the simulated value and the measured resonance frequency is
approximately 8% higher than the predicted value. For this device, the epoxy layers between device

Ay gr%qlfa%;éf(sFlosRapgiEgI}l HARY fraction (20-35%) of the total laminate thickness. The modellzcﬁ:f)els8

nlgl) ccount for the tllf(finess and inertial ffe ts of. %Pe e ox le}}lers modef'l Iso assunl*l e@
! ness e m? ?es not a count f titfnes ertial %s 1§) te e tﬁx !
stra sfer between layers w n some s relative ‘thickness o
(11%1 a?so assumes perfect stram rans er%) tcween ayers weﬁ mﬁﬁ’l&r uce some errors given Y

ergf))%}lve thickness of the epoxy layers.
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Figure 11 Metglas-PYDF open citcuit VOlage vs: fequensy.-

Figume 12 sthows tihe simulated and measuned power outiput for the two ME devices versus load
resistance at resonance. (Reaklythhelicappacy pdieracre ththe adellehdrdb dicescascinaseasehevhide
tlesistisistioed dnadideditded éth Mt ditetetioasetdowhe dis¢tepdintyrépararpd {50 ysot3begdienhb
LA devRE Thiewfoe therMetglhe-Pietiad R D R208w)icE R0 fayt Tdaid fart tedeliavedibad iheepphimpahy,
pitheugh ktdairi ceredinhhn coente efudiscot phsay paadynperifegiiefic ot érexpesipperitak seal pethier
Examplehs he D@Egnetindialdibid binschenismisans diéfdicfardat fbe tivetwevdeasiceheTlaetfthatlihe

el feal@driO L PAE deeiveede dslaigegdribsati¢ldldwiidelis apppikddtyy penmenenit magnets, means that
tihe bias field is less uniform and less precisely controllled. Also, the effect of the mechanical mounnting
camp wiilll e diffierent for the two devices. Further investigation and refinement im the expertimentzl
system iis necessany to further investigate this discrepancy.. Nonetheless, the model predicts the basic
tnemdls and there are reasomablle explanations for the discrepamsy . Theketsres, it wes fdkt that the model
weas sffiigintt ttorewssedliinacconpparativesptiniveatomsstidly .

Figure 13, which is reproduced with permission from [18] shows the power output of the MME
dev1 ce as a fupetion o frequency and A magn
e%ugvalent ircuit model matches t erlmenta} o
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Figure 12. (a) Power output vs. load resistance for Galfenol-PZT device operating at 70.7 kHz. (b)
Power output vs. load resistance for Metglas-PVDF device operating at 99.3 kHz.

Figure 13, which is reproduced with permission from [18], shows the power output of the MME
device as a function of both frequency and AC magnetic field. In the case of the MME device, the
eairivalent circiiir model matchec the experimental oot verv clocelv Given the fact that the MMFE



galrenol-r41l daevice needs a larger blas 1ield, which 1S applied Dy permanent magnets, means that
the bias field is less uniform and less precisely controlled. Also, the effect of the mechanical mounting
clamp will be different for the two devices. Further investigation and refinement in the experimental
system is necessary to further investigate this discrepancy. Nonetheless, the model predicts the basic

NESHIs 301d therpare reasonable explanations for the discrepancy. Therefore, it was felt that the mgdel
was sufficient to be used in a comparative optimization study.
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3.2, Comparative Analysis Results

Having established eonfidence in the basie design relationships encoded in the analytical models
for the ME and MME architectures, a constrained nonlinear optimization procedure was used to
compare transducer architectures given practical constraints for IMID dixikes. The goal of the
optimization revtinads fo tadiheé ahinyy ddthand M¥Hatrvsticendedigosrwd thinneakistin gonstaninnts
avaseaiie rnidhe swipath eHermpeditlelenpaaoeleln srarmisdplewentedhnipl S hlelBrand VTR KBAB @
misTiDAROIheptbnizetionpRliRativieIdUstkiofird optimalftetusioital solutions.

Three basic types of constraints were placed on the optimization: volume, AC magnetie field
amplitude, and geometric econstraints to ensure manufacturability. The overall device volume was
limited to 2 mm?. Thiis comstsiind may seem somewihat aubitary, but is meant to ensure applicability
for minimally traumatic IMDs. The exaet value of this constraint does not actually significantly alter
the eomparison results as long as the maximum size is on the order off 1=10 cuibic milliimneters. The
maximum allowable magnetie field was determined using the IEEE standard on magnetic maximum
permissible expesie (W) fesrthedkaddnddatg sndeeantmoldiibararteronensal sboditdonsha 122,
f8], thedlaterhratd emeti Srein@uissinizsionNbenNonitongRad Rditintidie Restentio e IR RPy neard a0d
oM aTcopativanbeapesprs teartagmetia bgtds ¢fdd. [Rifiderhath Bisthdstrahel dhesp libevalite MIBIE
NepPies biicbrbgifeagticatc phewhvinrHigEiteure 1THENE N NRIR Btotadaed dS geaerad]ljymerie conservative
than the IEEE standard. Optimizations were performed separately using each standard. Finally, in
most cases geometty constraints were coded as aspect ratio constraints to ensure reasonable device
geometries for manufacture. A maximum aspect tatio of Limit of 200:1 was set for the ratio of beam
length ({4) fadotatdlepenthickidsndés) g fardheratie ofderamfviietn (withthiakness tiitkdasmxipum
aspechratiadipeit 04 io: liatidaf tONinnda aspachtatiaqfdbd rhiieod 6¢t:fowthe satifoefbeantilengtesln
terigitth {jodo lvilieluldhhe naleditith binhetddtieasretioutitise wigtdrretetio o el en tieets uct tive ehdide.
structure width. However, the aspect ratios” length, [, does not refer to the total structure length,
but the length from both transducers’ center anchors to the free edges. This means for the ME
transducer [, = 0.5/ and for the MME transducer [, = L. Like the maximum volume constraint,
these values are somewhat arbitrary based on the authors’” own experience. However, they do serve
to keep device dimensions to values that could be manufactured and provide a reasonable basis for

>
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However, the aspect ratios’ length, /[y does not refer to the total structure length, but the length from
both transducers’ center anchors to the free edges. This means for the ME transducer Iy = 0.5/ and
for the MME transducer [y = L. Like the maximum volume constraint, these values are somewhat
arbitrary based on the authors” own experience. However, they do serve to keep device dimensions to

values that could be manufa tured and provide a reasonable basis for comparison of archltecture
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Figure 14. Allowable magnetic MPE levels for IEEE and IENIRP standards: Adapted frem [22-24].
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(w), PE thickness (t,), MS thickness (t,;) loaded natural frequency (w), and load resistance (R;). Two
material configuratidab ke 3rMsfstiinl peclp ChitfensidIPT @M EA PP T g dhle material properties
Shown 1t Tables 3 argl g, R mechanical quality Tactor (J,) Was set 10y yglue of 48, which was the
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Piezoelectric compliance, 511, 15 %102 m?/N
Relative Dielectric constant, K or (1/ (Bp€o) 1800
TdVib Galfenol
Piezomagnetic coefficient, dz3 ., 15-30 nm/A (15 used)
Density, pps 7800 kg/m
Magnetostrictive compliance, sf; 12.5-25.0 x 1072 m?/N (16.7 used)

Table 4. Material properties used for Metglas-PVDF model [25,29].

Property Value
TE Metallized PVDF
Piezoelectric voltage coefficient, g3, 216 x 10 Vm/N
Density, ppe 1780 kg/m3
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Table 3. Material properties used for Galfenol-PZT laminate model.

150f18

Property Value
Piezo Systems PZT-5A4E
Piezoelectric voltage coefficient, g31 —11.6 x 102 Vm/N
Density, ppe 7800 kg /m?
Piezoelectric compliance, $11,p 15 x 10712 m?2/N
Relative Dielectric constant, KI or (1/(B,e€p)) 1800
TdVib Galfenol
Piezomagnetic coefficient, dz3 15-30 nm/A (15 used)
Density, pus 7800 kg/m
Magnetostrictive compliance, s% 12.5-25.0 x 1072 m? /N (16.7 used)

Table 4. Material properties used for Metglas-PVDF model [25,29].

Property Value
TE Metallized PVDF
Piezoelectric voltage coefficient, g31,p 216 x 1073 Vm/N
Density, ppe 1780 kg/m?3
Piezoelectric compliance, s11,, 3.7 x 10710 m2/N
Relative Dielectric constant, Kg or (1/(Bpeo)) 12
Metglas 26055A1

Piezomagnetic coefficient, ds3 », 25-50 nm /A (25 used)

Density, o5 7180 kg/m
Magnetostrictive compliance, s% 9.09 x 10712 m?/N

Table 5. Optimization results.

Optimized ME Galfenol-PZT ME Metglas-PZT MME PZT Bimorh
Parameter ICNIRP IEEE ICNIRP IEEE ICNIRP IEEE
=2l 21.5 mm 2 mm 252 mm 2 mm NA NA
tp 15.9 um 19.4 um 18.1 um 25.5 um 10 um 10 um
tm 33.5 um 40.3 um 22.4 um 37.3 um NA NA
w 1.1 mm 10 mm 1.26 mm 10 mm 0.4 mm 0.51 mm
Hp 0.44 Oe 2.89 Oe 0.40 Oe 2.89 Oe 5.56 Oe 38.39 Oe
2L NA NA NA NA 8.0 mm 8.0 mm
Ly NA NA NA NA 0.48 mm 0.39 mm
h NA NA NA NA 5.0 mm 5.0 mm
w1 65 kHz 698 kHz 719 kHz 915 kHz 61 Hz 325 Hz
Paog 15.6 uW 74 mW 62.6 uUW 42,7 mW 120 uW 8.7 mW

The MME optimization was performed over the following five variables: beam length (or half
transducer length) (L), beam width (w), piezoelectric thickness (t,), magnet length (L), and magnet
height (). Both the operating frequency (w) and load resistance (R;) were calculated with closed form
solutions as the six optimization parameters completely determine these two parameters. The PZT
material was assumed to be PZT-5A with the same properties as in Table 3. The magnet was assumed
to be Neodymium N52 with a remanant polarization of 1.46 Tesla and a density of 7500 kg/m?>. As
with the ME devices, the optimization was performed with the ICNIRP standard, IEEE standard, and
a 1 Oe peak limitation at any frequency. The mechanical quality factor (Q;;) was set to 42 based on

experimental results. The results of the optimization are shown in Table 5.
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4. Discussion

Consider the two material sets used for the ME optimization (see Table 5). For all 3 magnetic field
constraint conditions, the Metglas-PZT system outperforms the Galfenol-PZT system. Metglas has a
higher magnetostrictive coefficient and is stiffer than Galfenol. This difference allows for greater device
extension and a thicker piezoelectric layer thickness relative to the magnetostrictive layer. In addition,
Metglas requires a much lower DC bias field, which makes it the clear choice for this application.

The IEEE and ICNIRP standards lead to very different optimal ME beam geometries. The
IEEE standard leads to a short, wide, and thick structure (l[p = 1 mm, w = 10 mm, t; = 0.1 mm
for Metglas-PZT). From 3.35 kHz to 3 MHz, the magnetic field allowed by the IEEE standard is
constant. As power generation will scale with the operational frequency and square of the magnetic
field amplitude, the optimization will naturally try to maximize the resonance frequency of the ME
structure. The optimization routine also selects a design that maximizes the transducer volume as
would be expected. Therefore, as mass is more or less constant, the remaining opportunity for increased
power is to increase stiffness within allowable constraints resulting in a short/wide beam. The power
output results of this geometry (42.7 mW) are very promising.

As seen in Figure 14, the allowable magnetic field under the ICNIRP standard is constant from
0.82 to 65 kHz, above which point the allowable field decreases at a rate of approximately 20 dB
per decade. Following the same scaling logic, one would expect the optimization routine to select
a maximum volume design that operates at the 65 kHz discontinuity in the allowable field. In fact,
the optimizer does select a design very close to this operating point (71.9 kHz). In order to maintain
maximum volume within allowable geometric constraints, the resulting structure is a long and narrow
structure (lp = 12.6 mm, w = 1.26 mm, #; = 0.063 mm for Metglas-PZT) in contrast to the structure
constrained by the IEEE standard. The estimated power generated (62.6 uW) is enough for many
wireless sensing applications, but certainly not as promising as the estimated power output resulting
from the IEEE standard. Finally, the maximum material stresses generated for the ME device designs
for each safety constraint were calculated and found to be at least an order of magnitude below the
fracture stress (50-70 MPa [30]).

The MME architecture results in a structure with a far lower resonance frequency given that the
transducer is excited in a bending vibration mode rather than in an extensional mode. Therefore, the
MME device designs will generally be between 10’s of Hz and 1 kHz. Referring again to Figure 14,
the allowable magnetic field under the IEEE standard for this frequency range is constant while
the allowable field under the ICNIRP standard decreases at about 20 dB per decade. Therefore, the
same scaling effects are at play with regard to the optimization algorithm. Under the IEEE standard
constraint, the optimizer tends to shorten the beam to increase the resonance frequency. Under the
ICNIRP standard constraint, the optimizer tends to lengthen the beam to increase the allowable
magnetic field by decreasing the resonance frequency. A somewhat arbitrary height limit of 5 mm was
placed on the magnet. In all cases, the optimization routine selects the maximum thickness magnet
which increases the moment applied to the beam and therefore the stress and generated electric field
in the PZT. Given this height constraint, the estimated power under the IEEE standard is about 5 times
lower than the ME device (8.7 compared 42.7 mW). However, under the ICNIRP standard, the MME
device estimated power actually goes up by about a factor of 2 (120 compared to 62.6 uW). This can be
explained by the larger difference in allowable magnetic field as frequency decreases for the ICNIRP
standard. However, two complicating factors should be discussed. First, the maximum stress in the
PZT material for the MME device is 195 MPa and 37 MPa under the IEEE and ICNIRP standards,
respectively. The fracture stress for PZT-5A is approximately 50-70 MPa. So, this MME-IEEE device
would certainly fail. The MME-ICNIRP device would also be suspect given fatigue constraints. In
order to reduce the stress generated, either the magnet height or the applied magnetic field needs to
be reduced. Either of these options results in lower power output. Secondly, as previously discussed,
the design that optimizes power output reduces the substrate thickness to zero meaning that bending
beam is entirely made of piezoelectric material which is brittle. A thin piezoelectric beam with a large
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attached proof mass and no substrate between piezoelectric layers will almost certainly fracture in
the presence of even a fairly mild shock. Therefore, to achieve a robust design a substrate needs to be
added which would further reduce power output. Given these two complicating factors it appears
that an ME architecture would almost always make a superior wireless power receiver.

5. Conclusions

The goal of this work was to investigate competing wireless power receiver concepts specifically
applied to the size and safety constraints demanded for implantable medical devices (IMDs). Because
the efficiency of traditional coil to coil wireless power transfer drops dramatically as size decreases,
magnetoelectric (ME) and mechano-magnetoelectric (MME) receiver transducers were considered.
Lumped element models were developed for each type of receiver that can be useful design aids in
applications not only for IMDs, but also for wireless sensors and wearable sensors in general. These
models were experimentally verified and subsequently used to produce optimized designs for an
overall size constrain of 2 mm3. Two different safety standards, the IEEE [22,23] and ICNIRP [24], were
used as constraints to the optimization process. The results of this study reveal that the ME architecture
is definitely preferable under the IEEE standard and given practical constraints is also preferable
under the ICNIRP standard, although in the latter case, the estimated power produced by each type of
structure is similar. The optimized ME devices are estimated to produce 42.7 mW (21.35 mW/mm?)
and 62.6 uW (31.3 pW/mm?) under the IEEE and ICNIRP standard, respectively. Although much
work needs to be done to implement transducers of this size and performance level, these results are
very promising in the context of being able to wirelessly power very small biomedical implants.
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