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Miniature Electrodynamic Wireless Power
Transmission Receiver Using a
Micromachined Silicon Suspension
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Abstract—We present the design, modeling, fabrication,
and experimental characterization of an electrodynamic wire-
less power transmission (EWPT) receiver for low-frequency
(=1 kHz), near-field wireless power transmission. The device
utilizes a bulk-micromachined silicon serpentine suspension, two
NdFeB magnets and two precision-manufactured coils. The
architecture of the transducer is designed to maximize the electro-
dynamic coupling coefficient while maintaining a low mechanical
resonant frequency in order to maximize the power density
for low-frequency wireless power transmission. An equivalent
lumped-element circuit model is established to parameterize the
system and to predict the output performance of the proposed
system. A prototype device is fabricated, assembled and tested,
and the results are compared with the model prediction. The
031 cm® device generates 2.46 mW average power (7.9 mW
- em~ power density) at 4 cm distance from a transmitter
coil operating at 821 Hz and safely within allowable human
exposure limits. This data corresponds to a normalized power
density of 21.9 mW - em—> - mT—2, which is 44% higher than
similar reported devices. Based on these results, this device shows
great suitability for wirelessly charging mobile, wearable and
bio-implantable devices. [2020-0161]

Index Terms— Wireless power transmission, electrodynamic
coupling, bulk-micromachining, serpentine suspension, torsional
resonance, electromechanical transducer.

I. INTRODUCTION

ITH great progress of microelectronic industries over
the past several decades, electronic devices such as
mobile phones, tablets, wearable devices, laptop computers,
etc. have become essential elements in our daily life. The
proliferation of these devices creates the need for incessant
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re-charging and a bewildering number and variety of charging
cables. Plugging in a cable to recharce a phone or tablet
is a necessary inconvenience. However, charging of smaller
wearable devices (e.g. smart watches, fitness trackers, assistive
hearing devices) poses additional burdens, both technical and
practical. First, these devices have smaller and more com-
plicated form factors (curved surfaces, limited locations for
charging port, need for water-proofing). Second, in almost all
cases, the user must doff the device for re-charging. Modern
implantable medical devices pose even additional challenges.
Most use primary (single-use) batteries, and require recur-
rent battery replacement surgeries. For all these applications,
wireless recharging would be an ideal solution, and therefore,
significant attention has been focused on the development of
wireless power transmission (WPT) systems [1]-{3].

The most common WPT systems itransmit power via
electromagnetic or acoustic fields and can be categorized
into either near-field (non-radiative) and far-field (radiative)
approaches [4]. Most research and commercial product devel-
opment has focused on the near-field electromagnetic WPT
approaches, which can be further subdivided into three primary
categories based on the coupling between the transmitter and
receiver: inductive, magnetic resonance (a special case of
inductive) and capacitive. These approaches offer efficient
power transmission over distances ranging from several mil-
limeters to several centimeters, and make use of electromag-
netic fields ranging from 100 kHz to 10 MHz [5]{7].

As new methodologies enable larper wireless transmission
distances, there are imporiant technical and safety consid-
erations regarding the electromagnetic fields that exist in
between the transmitter and receiver. First, there are strict
limits to the amplitude of the magnetic fields that can be
applied to humans [8], [9]. Second, in the case where there
may be any electrically conductive media, the relatively
high-frequency inductive/capacitive coupled systems tend to
cenerate eddy (Foucault) currents [10]. These eddy currents
can attenuate or alter the fields used for power transmission
and may also cause undesirable or even unsafe heating in the
intervening objects. Similarly, the use of any materials with
high electrical permittivity or high magnetic permeability must
be carefully analyzed.

As a possible solution in addressing these consiraints,
particularly for wearables and medical implants, the use of
magnetic near-fields at much lower frequencies { =1 kHz) have

1057-7157 @ 2021 IEEE. Personal use 1s permitted, but republication/redistribution requires IEEE permission.
See hitps2Ferww.icee org’publicationsmghtsindex html for more information.

Authorized licensed use imited foc University of Flonda. Downloaded on January 21,2021 at 16:35:54 UTC from IEEE Xplore. Restrictions apply.



M. A HALIM et al: MINIATURE ELECTRODYNAMIC WIRELESS POWER TRANSMISSION RECEIVER 145

been considered in order to mechanically resonate a permanent
magnet in the receiver [11], [12]. The use of lower frequen-
cies facilitates higher field safety margins, significantly better
penetration through conductive media (e.g., metal, human
body, fabrics etc.) and nearly eliminates the generation of
eddy currents and its possible effects (e.g., parasitic heat-
ing) [4]. Furthermore, by leveraging mechanical resonance in
the receiver, longer range and higher power density transduc-
tion can be achieved, as compared to simple induction [13].

Electrodynamic transduction refers to the bi-directional
electromechanical interaction/coupling between a permanent
magnet and coil. In an electrodynamic WPT (EWPT) system,
a time-varying magnetic field is generated by ac current
in a transmitter coil, which is used to excite the physical
motion of a magnet in the receiver. The mechanical motion
of the magnet in the receiver is converted into electric-
ity by one or more electromechanical transduction schemes
contained within the receiver (e.g. electrodynamic/induction,
piezoelectric, or capacitive). Furthermore, the mechanical
motion of the magnet can be continuous (i.e. spinning) or
oscillatory, and the oscillatory motion might be rectilinear,
torsional, or a combination thereof [12]-{17]. EWPT concepts
using torsional oscillation of the receiver magnet have been
shown to be particularly effective in terms of both effi-
ciency and maximum power transmission [12]. Experiments
on through-body and multi-receiver transmissions have also
been demonstrated [16], [17].

As an alternative to use of electrodynamic transduction in
the receiver, piezoelectric transducers have also been intro-
duced in [18], [19]. A more sophisticated center-clamped
piezoelectric cantilever with magnetic tip masses has also
been investigated where a theoretical lumped element model
was derived and experimentally verified [20]. Differing from
simple cantilevered structures, an EWPT receiver using a
torsionally resonant meandering beam structure with multi-
ple piezoelectric transducers was experimentally demonstrated
in [21]. While great strides have been made to demonstrate
and evaluate various approaches, all of the EWPT systems
described above utilized relatively bulky, hand-assembled
receivers to demonstrate their functionalities. For potential use
in wearable or implantable applications, a much smaller, and
higher-performance design solution is needed.

Our group has recently reported a chip-scale microfabri-
cated EWPT receiver by utilizing micromachined silicon (5i)
serpentine suspension, off-the-shelf magnets and hand-wound
coils [22]. However, the receiver suffered from poor electrody-
namic coupling between the receiver magnet and receiver coil
and a very low voltage sensitivity, which made downsiream
ac/dc rectification and power management electronics very
challenging. A more recent improved version of the device
uses a more volume-efficient design, high-(} torsional res-
onance, and precision micro-manufacturing/ micro-assembly
that together offers 19x stronger electrodynamic coupling,
16 better magnetic field sensitivity, as well as 1.7x higher
power density [23]. In this paper, we extend this previous
conference publication [23], which reported only the fabrica-
tion and experimental characterization, by a) elaborating on
the design and modeling of the serpentine suspension and
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Fig. 1. {a) Schematic structure of the proposed clectrodynamic wireless
power transmission (EWPT) receiver using serpentine suspension and (b) its
top and cross-section Views.

transducer elements, b) presenting a lumped element equiva-
lent electrical circuit model to analyze and predict the system
performances, and c) comparing the model with experimental
results.

II. EWPT Micro-RECEIVER DESIGN AND MODELING
A. Receiver Structure and Its Operation

Figure 1 shows the schematic structure of the proposed
EWPT receiver with a torsionally resonated center platform
supported by a serpentine beams suspension to a surrounding
frame. The design uses two magnets, attached to both sides
of the center platform, to oscillate under the influence of an
external time-varying magnetic field. Two rectangular-shaped
coils are attached to both sides of the base frame with the coils
electrically connected in series. The magnet-coil-suspension
structure forms a resonant electrodynamic transducer for
power generation. To maximize performance, each magnet
occupies the entire area over the serpentine suspension beams
and is magnetized along its lateral direction (perpendicular to
the rotation axis). A spacer is used between each magnet and
the center platform to allow clearance between the magnet
and the suspension beam-sections during torsional oscillation.
As compared to the previous proof-of-concept design [22],
the advantages of using larger magnets include: more effective
use of the volume within the device that reduces the dead
space; increased sensitivity to the external magnetic fields;
and more magnetic flux linkage with the coils that results in
stronger electrodynamic coupling. Because the two magnets
are mechanically fixed to the suspension, from here onward,
we will refer to only the ‘magnet’. Similarly, the two series
connected coils will be referred to as the ‘coil’.

Figure 2 illustrates the electrodynamic operation principle of
the proposed EWPT receiver structure. An alternating current
I supplied to a transmitter coil generates spatially distributed,
time-varying magnetic field of desired frequency and ampli-
tude. This field induces a torsional oscillation of the magnet in
the micro-receiver, wherein the motion of the magnet induces
voltage (technically an electromotive force, or emf) in the
receiver coil via Faraday's law. Electrical current [; (and
hence power) is delivered to an external load connected to
the receiver coil. Maximum voltage and power generation are
achieved at torsional resonance of the mechanical suspension
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Fig. 2. (a) Prnciple ol'clacuudynmnic wireless power transmission (EWPT)
with the proposed receiver structure and (b} torsional vibration of the receiver

magnets in response to the time-varying magnetic felds supplied by the
transmatter coil.

and also when the receiver magnet is oriented perpendicular
to the magnetic field. Note that, the direct inductive coupling
between the transmitter coil and the receiver coil is negligible
(very low mutual inductance) since the system is designed to
operate at low frequencies (<1 kHz) [12].

B. Design Procedures

While designing and optimizing the mechanical suspension
structure, special care needs be taken to achieve larpe elec-
trodynamic coupling. The following prerequisites have been
chosen and used as design inputs: size of the magnets, resonant
frequency, maximum rotation amplitude of the magnets, and
suspension thickness and its material properties (Young's
modulus, Poisson’s ratio and density). Several other constraints
and design objectives to be considered including compact
design with minimal suspension length and reduced volume;
compliant mechanical suspensions of the desired vibration
mode (here torsional rotation), while avoiding other spurious
modes around the resonant frequency of interest; stress on the
mechanical suspension at the maximum rotation amplitude to
be lower than its yield siress.

In the design process, we considered four different torsional
suspension architectures of a fixed base frame, and a mounting
platform, within the same footprint (10.8 x 6.2 x 0.3 mm®).
Figure 3 shows the schematics of the suspensions with cor-
responding beam types: simple torsion beams (design A),
split-anchor beams (design B), serpentine beams (design C),
and split-anchor serpentine beams (design D). In all four
designs, the beam sections parallel and perpendicular to the
axis of rotation have the same width and the same gap between
them is maintained.

The resonance behavior of four designs are modeled by
3D finite element analysis (FEA) simulation using COMSOL
Multiphysics. The compliant epoxy adhesive layer—bonding
the magnets and spacers to the meandering suspension—
is simulated via a 20-um-thick elastic layer condition with
the following properties: Young's modulus E = 2 GPa and
Poisson's ratio v = 0.25. FEA modal analyses indicate that the
Ist and 2nd vibration modes for all four designs correspond to
torsional rotation about x-axis and translational displacement
along z-axis, respectively. However, the 3rd mode corresponds
to torsional rotation about y-axis for the designs A and B, and
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Fig. 3. Schematics of the mechanical suspensions considered for the EWPT
receiver design within the same footprint: (a) design A- simple torsion
beams, (b) design B- split-anchor beams, (c) design C- serpentine beams,
and (d} design D- split-anchor serpentine beams.

translational displacement along the y-axis for the designs C
and D. Figure 4 shows, as an example, the mode shapes of
the EWPT receiver using design D (split-anchor serpentine
beams suspension). Figure 5 shows the frequency response
for the torsional rotation about the x-axis of the receiver with
design D using a damping ratio ¢ = 0.003, corresponding to
a (-factor of 165 (as measured experimentally). In the plot,
no peaks are observed for translational displacement modes (at
1073 Hz and at 1300 Hz) since there is no torsional response
for those modes.

In order to investizgate the mechanical reliability of each
design, FEA simulations are performed for various magnetic
field amplitude excitations at torsional (1st mode) resonance.
Two mechanical limits are considered: 1) the maximum rota-
tion angle at which the magnets make contact with the coil
(21.5° for designs A, B and C) or suspension beams (&11.3°
for design D) and 2) the maximum rotation angle before the
beams may fail due to stress. Considering the brittleness of
silicon, it is assumed a catastrophic failure would occur when-
ever the largest principal normal stress exceeds the ultimate
tensile strength of silicon (assumed to be oy = 165MPa ).
Special attention is paid to the distribution of the first and
third principal stresses (7; and o3) on the suspension base
at the maximum torsional rotation. Figure 6(a) shows a plot
of maximum first principal stress vs. rotation angle for all
four designs. It is evident from the figure that the siress-
related failure will occur before the receiver magnets for
designs A, B and C reach their maximum rotational limit. For
design D, the magnets will interfere with the beam-sections
before exceeding the stress-related failure limit. As shown
in fipure 6(b), the simulations for design D predict that at
the maximum rotation angle of £11.3%, the maximum stress
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Fig. 4. Modal analysis of the EWPT receiver using split-anchor serpentine beams suspension (design D) to illustrate its mechanical resonance: (a) torsional

maode, (b) bending mode, and (c) lateral displacement mode.
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Fig. 5. FEA simulated frequency response for the torsional rotation about the
x-axis of the receiver magnet of design D for an applied ficld of 30 uTrms,
and a damping ratio ¢ = 0.003 () = 163).

is only about 6.7 MPa for which the required B-field is
608 uTrms.

Table | summarizes the FEA simulation results obtained
from each suspension design. Among these designs, design D
(split-anchor serpentine beams suspension) has been selected
based on the following aspects: (i) designs C and D satisfy
the requirement of low-frequency operation (<1 kHz) for the
intended mode of oscillation i.e., the torsional mode, (ii) from
these two designs, design D shows about one order of mag-
nitude higher torsional stiffness when compared to design C
which offers a better mechanical reliability, (iii) design D also
offers higher off-axis stiffnesses than design C that does not
come in the way during the receiver's torsion mode operation.
{iv) finally and most importantly, design D offers the largest
rotation (£11.3%) of the magnets while keeping the stresses
well below the stress-related failure limit (see figure 6a).

Once the mechanical suspension is successfully designed,
the other element in the design procedure to be considered
is the transducer: an electrodynamic transducer, in this case.
Since the magnetic moment m of a permanent magnet
depends on its volume oyge [12], a larger permanent magnet
is desirable (and therefore, has been used) that facilitates the
flux linkape with the receiver coil, under a given magnetic field
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Fig. 6. FEA simulation results of the reliability study: (a) failure diagram
for the maximum stress and permissible torsional rotation showing the
operational, unreachable and fallure zones, (b) prncipal stress distnbution
on the suspension base of design D when an external ficld of 608 uTmys
is applied in dynamic loading at 8200 Hz resonance {magnet and spacer not
shown).

cenerated by the transmitter. Additionally, a perfectly wound
receiver coil placed as close as possible to the magnet (magnet-
coil airgap should not prevent the magnet’s torsional rotation)
strengthens the electrodynamic coupling and the overall device
performance. Here, a 0.5 mm magnet-coil air gap is maintained
that leaves adequate clearance for +11.3° rotation of the
magnet. To first order, the wire gauge does not significantly
affect the generated power; however, a small wire diameter
{more turns for a given volume) is generally preferred to
obtain larger voltages (lower currents) to ease the system-
level voltage rectification and power management challenges.
Here, a fine 44 AWG (American wire gauge) magnet wire
is chosen for ease of handling/manufacturing. The wire is
wound into 498-turn rectangular coils that fill the 8.8 x 4.2 x
2.2 mm® volume around the magnet but maintain the 0.5 mm
magnei-coil clearance (refer to figure 1).
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TABLE 1
SumMmMmarY oF THE FEA SiMuLATION RESULTS OBTAINED FROM THE SUSPENSION DESIGN

Mode Parameter Design A Design B Design C Design D
Type of mode Torsional rotation * Tarsional rotation * Torsional rotation * Torsional rotation *
Resonant frequency 1244 Hz 1259 Hz 346 Hz 20 Hz
Torsional siilfness 933 « 107 Wom.rad™ 9.55 = 107" N.m.rad™” 7.25 = 107 N.m.rad” 4,28 = 107 N.m.rad”!

Lst Rotation angle limit £215° +£215° +21.5° +113*

Rotation angle at stress-related failure +56° +153° +79° Unreachable

Required B-field for stress-related failure 08 P T 1675 pTime 83 P Unreachable

Required B-field af rotation-related failure NIA N/A M/A 608 pToy

Type of mode Displacement Displacement Displacement Displacement °
2nd Resonant frequency 2224 He 1584 He 441 He 1073 He

Flexural stiffness 117 = 10° Nm ™! 5.96 = 10° N.m ™' 451 = 10" N.m "' 274 = 10" Nm ™

Type of mode Torsional rotation © Torsional rotation © Displacement * Displacement *

3rd Resonant frequency 2628 Hz 2204 Hz 509 Hz 1300 Hz
Torsional Translational stiffness 1.08 N.m.rad’ 0,76 N.m.rad’ 7.27 = 10° Nm ! 403 = 10" Nm ™

* about x-axis, * along z-axis, “about y-axis,  along y-axis, N/A indicates the design is already in the failure zone before reaching its rotational limit,

Transmitter Electrodynamic racelvar

R [} ! 1y

AN~

Electncal domain

Electrical domain Mechamcal domain

Fig. 7. Equivalent electrical circuit of the EWPT system showing the energy
flow between electrical and mechanical domains via electrodynamic coupling.

C. Equivalent Circuit Model

The multi-enercy-domain system is modeled using a lumped
element modeling approach [24]. This approach facilitates
physics-based understanding of the system dependencies as
well as modeling the behavior of the system using ordinary
differential equations (specifically here the time-harmonic
steady-state behavior represented as an equivalent circuoit and
solved using ac circuit analysis). The schematic electrical
circuit of the EWPT system is shown in figure 7. The three
sections of the equivalent model respectively represent the
electrical behavior of the transmitter, the mechanical behavior
of the resonating magnet (here specifically the rotational
mechanics), and the electrical behavior of the receiver. The
primary system variables include phasor voltages, currents,
torgues, and angular velocities. All phasor amplitudes will be
reported as root-mean-square (rms), unless otherwise noted.

Electromechanical coupling (linkages) between the electri-
cal and mechanical domains are achieved through electro-
dynamic coupling represented by a gyrator circuit element.
For an ideal (neither stores nor dissipate energy) two-port
gyrator [25], the relationships for the two couplings are given
by

Tmayg Vmﬂg
Kr = = 1
T IS {; E: }
Tind  Vind
Kg = = — 2
R % 5 (2)

where Ky and Kg are, respectively, the transmitter and
receiver electrodynamic transduction coefficients (units of

N-m-A-'orV.s.rad'). The magnetic fields produced
by the coil are not explicitly expressed in the equivalent circuit
model, but will be discussed further below. Ultimately it is the
physical arrangcement of the magnet and coils that determine
the coefficients Ky and Kg.

In the first electrical domain, a power source with source
resistance Ry supplies an ac voltage Vs and ac current [5 to
a transmitter coil, represented by an elecirical resistance Ry
and inductance L. In the mechanical domain, the mechanical
oscillator is represented by torsional spring stiffness k, mass
moment of inertia J and torsional damping coefficient b.
The oscillator is subjected to two electrodynamic torgues:
a torque _r’mg from currents in the transmitter coil and a
torque T jug from currents in the receiver coil. Similarly, the
rotational motion of the magnet & induces voltages Vinag and
Ving in the transmitter and receiver coils, respectively. Finally,
in the second electrical domain, the receiver coil, represented
by a resistance Ry and inductance Lg, is connected to an
arbitrary load impedance Z;. In principle, each of the lumped
element parameters can be predicted as a priori via relevant
dimensions and material properties. Alternatively, most of the
system parameters can also be determined via appropriate
experimental tests. In this work, a combination of approaches
will be used, since some parameters may be easier to calculate,
whereas some parameters may be easier to measure/infer.

D. Magnetic Fields, Torques, and Electrodynamic Couplings

The transmitter coil used in this work is a multi-layer, mult-
turn pancake type coil of inner diameter &, outer diameter d-
and thickness I, having N turns. The field produced by the
transmitter coil is modeled by a short-solenoid formula, where
the amplitude of the on-axis magnetic field along the z-axis
(refer to figure 2) is calculated as [12]

_ il a _ a3
B = Sty — ) [U N (a:) ik (m”
®)

where a; = dy+/ & + (I + 22)% & = i+ 2 + (1 + 22)%,

as =dr+ Jd2 + (I —22)%, as = dy + \Jd? + (| —22)? and
7 is the distance from the centroid of the transmitter coil.
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For modeling and experimental purposes, the magnetization
axis of the receiver magnet is oriented perpendicular to the
magnetic field generated by the transmitter coil, so as to max-
imize the torque acting on the magnet. In this configuration,
the torque induced on the receiver magnet is

Tmag = |ﬁ x ﬁzl = &ﬂ‘magﬂz (4}

o

where W = I’fumg is the net magnetic moment of the
receiver magnet in which vjge is the magnet volume and M
is the magnetization of the magnet. Assuming ideal magne-
tization, |ﬁ| = B }' po where B, is the remanence and ug
is the free space permeability. Note that the magnetic field
eradients produced by the transmitter coil could also produce
forces acting on the magnet, but since the rotation angles are
assumed small, the forces are assumed to be negligible.

In the experiments, both the ac current to the transmitter
coil 5 and the magnetic field B; are carefully measured and
controlled. Substituting (3) into (4), one can derive an explicit
expression for the excitation torgue,

NB vmagls a i3
o= sy |+ 20 () #0203
(5)

and using (1), so too the transmitter electrodynamic coupling
coefficient Kr.

_ NBrowag [0 (81 4 sy (®
o= ) [{Hz‘“}l" (ﬂz) Fib (m)]
(&)

To stay within allowable human exposure limits [8], [9],
the magnetic field is limited such that a maximum 2 mT .
field is produced at the centroid of the coil. According to
the IEEE standard [9], a maximum permissible magnetic field
{in controlled environment) for exposure of the head and torso
at 820 Hz is 2.51 mT .. Figure 8 shows how the torque
?mag and transmitter electrodynamic transduction coefficient
Kt change with the distance between the transmitter and the
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Fig. 10. Simplified equivalent electrical circoit of the EWPT receiver.

receiver. Both torque and Ky follow the same decreasing trend
as the field decreases with the increase in the distance.

In order to model the receiver electrodynamic coupling coef-
ficient Ky, the flux interaction between the receiver magnet
and receiver coil are computed using a MATLAB script that
relies on the calculated magnetic field produced by a cuboidal
magnet [27]. Note that for the sake of simplicity, a single
magnetic volume having equivalent height to the two-magnets
final arrangement surrounded by coils is considered. The value
of the transduction coefficient depends on the rotational angle
of the magnet, as shown in figure 9. Within the operational
range (=11.3%), Ky is nearly constant. For later computation
purposes, the peak value of Kg =0.014 V - s - rad—! is used.

E. Svstem Analysis

For later comparison with experimental results, as shown
in figure 10, a simplified model of the EWPT micro-receiver is
considered with the following simplifications. First, the torque
generated by the transmitted field source rmge is well con-
trolled during the experiments, so an ideal torque source
is used in the model (eliminating the need to model the
transmitter coil). Second, at low frequencies ( <1 kHz), the coil
reactance is much smaller than its resistance {(wl g < Rg) and
so Lg is neglected; specifically in the device Rg = 25042 and
wlg = 250 at 821 Hz. Third, the complex load impedance
Z; is replaced with a resistive load R;, since the output
impedance at resonance will be purely real and hence the
optimal load will also be real.

Using standard circuit analysis, it can be shown
{see Appendix) that the frequency-dependent load voltage for
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an arbitrary load resistance is
Tmag K i

(b + ol +45) (Re + Ro) + K}

In order to explicitly describe the system performance, three
special cases are discussed below.

Case I {Open-Circait): When there is no external load con-
nected, the frequency-dependent open circuit voltage output
is

Vi Ry ("

tmag K g
(b+jwl + &)

Case [l (Resonance): At resonance ie., when w = @, =
/T = 2xf;, where f. is the resonant frequency in Hz,
the impedance due to torsional spring stiffness k and the mass
moment of inertia J cancel which, (for a given load resistance)
maximizes the rotational displacement, angular velocity, and
load voltage and time-averaged load power. In this case,

(8)

VLIR;_:@Q —

Tmag Kr

V = R 9

le:m, b{RR+RL}+K§ L [:'
Vi

o o R: (10)

where (10) assumes V} is the rms voliage (as opposed to peak
voltage).

Case Il { Resonance + Optimal Load): For maximum power
transfer to a load, the optimal load is the complex conjugate
of the output impedance of the system Zp qpr = Z},,. Al
resonance (w = w, ), the total output electrical impedance is
purely real, and consequently the optimal load resistance is

2

K
RL_ﬂpI'=TR+RR=RR{}'+U (11)

Here, y = K fr JbRg is a unitless parameter called ‘electrody-
namic coupling strength’ that represents the electromechanical
energy conversion effectiveness of an electrodynamic trans-
ducer [26]. Therefore, the corresponding load voltage and
maximum time-average load power become

Tmag K 1
Voo = ¥V — 12
opt leiﬁtmr % (12)
2 K2
Prax = Pr| o=, =728 K (13)

Ry=Ry_opt  4b° RL_apl

It is evident from (12) and (13) that the output performance
{voltage and power) of the EWPT receiver greatly depends
on the torque rmge on the receiver magnet. The higher the
torque is, the higher the electrodynamic couoplings (K1, Kg)
will be. Eqn. (4) indicates that the amount of torque on a
magnet depends on the volume of the magnet ppgqe: torque
increases with the increase in the magnet volume. Therefore,
a larcer magnet is better, but effectively makes the overall
size of the EWPT receiver bigger. Moreover, the size of
the EWPT receiver is constrained by the specific end-use
application. To first-order approximation, the power scales
with the volume, and hence maximizing the power density
{power per volume) of this type of electrodynamic receiver is
a key design objective.

TABLE I1
FIXED S¥STEM PARAMETERS USED FOR ANALYTICAL SIMULATION

Parameter Value
Inner diameter of transmitter coil, o, Sem
COuter diameter of trangmitter coil, 15 cm
Thickness of the transmitter coil, / 1.5ecm
Resistance of the transmitter coil, By 305 miy
Inductance of the transmitter codl, Ly 2.6 mH
Mo, of turhs in the transmitter coil, N 169
*Resistance of receiver coil, fg 2500
*Inductance of receiver coil, Ly 48 mH
*MNo. of turms of receiver cotl 906
Volume of the receiver magnet g 10 m’
Torsional mass moment of inertia, J 1.61 = 107° Kg.m®
Torsional spring stiffness, & 4,2% = 107 N.m.rad"
Torsional damping coefficient, b 5.03 % 107 N.m.s.rad’
Residual Mlux density of the magnet, B, 138T
Receiver electtodynamic coupling, Kg 0.011 V.s.rad’
Permeshility of free space, jis dr = 107 NLAT

*Combined values for the two series-connected receiver coils

: “

i)

B F Hi
i} v
. Si wafer . Photoresist . Carrier wafer

Fig. 11. Schematics of the Si serpentine suspension micro-fabrication process
flow for the EWPT receiver.

The simulation parameters used in the analytical calculation
are shown in Table II, which have been derived from the
geomelry and material properties of the device components.
Note that the value of Kg is calculated using (11), from
experimentally determined y and b. This measured Kg value
{(in Table 11} closely matches with the simulated value dis-
cussed earlier (in Figure 9).

III. PROTYPE FABRICATION AND ASSEMBLY
A. Micro-Fabrication of the Mechanical Suspension

The base frame /[ split-anchor serpentine beams structure
{and the spacers) are fabricated by through-etching a 300 gm
thick double-side-polished, 4-inch 5i wafer, as illustrated
in figure 11. A single mask photolithography process is
used. First, the wafer is coated with 11 um thick photoresist
(AZ79260) and is baked on a hotplate at 112°C for 3 min, after
regular wafer cleaning and HMDS treatment. The photoresist
is then exposed using the specific mask with appropriate
exposure dose and is developed using 3:1 DI water: AZ400K
developer for 6 min. Then, the patterned wafer is bonded to
a carrier wafer (500 um thick, single-side-polished, 4-inch
Si wafer) by using the same thick photoresist. The wafer
stack is baked for an additional ~15 min to drive off the
solvent from the resist in the bond layer. The resist residue in
normally cleared areas of the pattern of the bonded sample is
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After releasing from
carrier wafer

Fig. 12.  Photographs of the micro-fabricated 5i serpentine suspension
structures and the spacers for the EWPT receiver.

[ial)

i)

W NdFeB

M si

& indicates cut of plane magnetization

= Copper coil

Fig. 13. Schematics of the EWPT receiver assembly process steps.

then removed by oxygen plasma ashing at 300 W, 300 sccm
for | min. Then, through-etching of the patierned sample is
done by deep reactive-ion etching (DRIE). Once done, each
individual structure is released on the carrier wafer which is
then cleaned off using acetone and is ready for assembling the
device components, as shown in figure 12

B. Device Assembly

Figure 13 shows the schematics of the micro-receiver
assembly process steps. First, two spacers are bonded to both

i .grmr[n.:rlrrnrrr.'|un1mn|mq1m
/ |

Q.. lom 2 SN
Fully assembled device after magnetization

Fig. 14. Photographs of the assembled components and a folly assembled
EWPT receiver prototype.

sides of the center platform of the serpentine suspension struc-
ture using cyanoacrylate. Two custom-manufactured (China
Rare Earth Magnets Limited, Shenzhen, China), unmagnetized
N52 NdFeB magnets (7.8 x 3.2 x 1.6 mm®) are then glued to
each spacer in such a way that the magnetic pole directions are
parallel to each other. The magnets are delivered in an unmag-
netized state because it is very difficult to accurately position
the magnetized magnets if they magnetically repel each other.
When the magnets are positioned, glued and cured, they are
magnetized along the width by a pulse magnetizer (Model
340B, Oersted Technology). Two precision-manufactured (Pre-
cision Econowind LLC, Florida, USA) rectangular coils
(8.8 %x 4.2 x 2.2 mm") are then glued to both sides of the base
frame. Each professionally wound coil is made of 44 AWG
laminated copper magnet wire having 498 turns and 125 0
resistance. The lateral airpap between the magnet and coil
on each side is 0.5 mm that leaves sufficient clearance for
+11° rotation of the central structure. The volume of the fully
assembled device is 0.31 cm® (10.8 % 6.2 x 4.7 mm") which
is then disposed into a 3D printed housing for experimental
characterization. The coils are connected in series and termi-
nated to a printed circuit board (PCB) glued to the 3D printed
package. Figure 14 shows the photographs of the assembled
components and a fully assembled prototype.

IV. EXPERIMENTAL CHARACTERIZATION
A. Experimental Setup

The fabricated and assembled EWPT micro-receiver pro-
totype was characterized under alternating magnetic fields of
various amplitudes and frequencies generated by a transmitter
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Fig. 15. Schematic block diagram and a photograph (inset) of the expen-
mental characterization of the EWPT receiver prototype.

coil. Figure 15 shows the schematic block diagram and a
photograph (inset) of the experimental setup. The 169-turn
pancake-shaped transmitter coil (@15 cm x 1.5 cm) is made
of 12 AWG laminated copper magnet wire, has a coil figure of
merit f, = 13.4 x 10° W . T~2 [17] and generates uniaxial
fields (i.e., at any given poini, the field only increases and
decreases in time, but does not change direction) around
it. As seen from the block diagram, an arbitrary waveform
zenerator (Rigol DG1022A) supplies AC voltage to a linear
power amplifier (Crown K1) to generate an AC current which
is fed to the transmitter coil. A current probe (Tektronix
TCP312A) connected to a current probe amplifier (Tekironix
TCPA3)) monitors the AC current. A multi-channel digital
storage oscilloscope (Tektronix DPO-2004 B) measures the
input AC current to the transmitter coil as well as the output
voltage penerated by the EWPT micro-receiver prototype.
An axial Hall probe (Lakeshore XHMMA-1482) connected to
a gaussmeter (Lakeshore 475D5P) measures the resultant (for
a given AC current) magnetic field generated by the transmitter
coil. Note that, the Hall sensor (at the Hall probe tip) and the
prototype under test are placed at opposite sides (on-axis and at
the same distance, d) of the transmitter coil, assuming uniform
B-field spatial distribution on both sides of the transmitter coil.

B. Results and Discussion

The frequency response of the fabricated EWPT
micro-receiver is determined by measuring the open-circuit
rms voltage as a function of frequency of the magnetic
fields at various amplitudes (between 50 and 150 uTmg).
During this measurement, the prototype is fixed at 4 cm
axial distance from the transmitter coil, and the current in
the transmitter is adjusted to achieve the desired field at the
location of the receiver. Figure 16 shows the simulated (solid
lines) and measured (markers) response curves for various
magnetic fields. As seen from the simulation, the micro-
receiver exhibits a resonance around 821 Hz indicative
of an underdamped 2?nd-order system with high Q-factor
{Q = 165 in air). However, the measurements exhibit slight
nonlinear behavior, where the resonant frequency tends to
shift lower as the amplitude of the applied magnetic field
increases. Note that, the frequency of torsional resonance
closely matches with the 3D-FEA model. A peak voltage
sensitivity of the micro-receiver is measured as 15 V - mT—!
at 821 Hz resonant frequency.

A — 50T (Semulaticn)
a5t [ T0 4T [Srmulaticn)
5 w100 4T (Smulation)
e 1) @T | Senulation)

50 T (Snulation)
x S0nT Measunsd)
A T0ET [Measured)
100 T [Measuned)
& 120 pT (Massuned)
T 150 uT Measinsd)

L]

RMS Yoltage (volt)
o
=]

Frequency (Hz)

Fig. 16. Open-circuit voltage versus frequency of vanous magnetic ficlds at
4 cm on-axis distance from the transmitter coil.
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Fig. 17. Load voltage and time-average power versus load resistance for
50 uTrms magnetic field at 821 Hz resonant frequency.

Next, various load resistances are tested varying from 0.5
k(l to 5 K. Figure 17 shows both simulated (solid lines)
and measured (dashed lines with markers) voltage and time-
average power delivered to various load resistances while
using a constant-amplitude, 50 uTn, alternating magnetic
field at 821 Hz resonance. The time-average power is cal-
culated by using me ," Rp. where Vi, is the rms value of
the measured voltage across each load resistance Rp. Results
show that the rms voltage increases with the increase in the
resistance value, however, a maximum power is obtained with
an optimum load resistance of 2.5 k). The value of optimum
load resistance is 10 higher than the coil resistance (250 02),
which indicates strong electrodynamic coupling in the receiver,
implying sirong electromechanical energy conversion. Refer-
ring to (11), the electrodynamic coupling sirength is calculated
a8 y = 9.

Next, the magnetic field amplitude was varied, while keep-
ing the frequency constant al 821 Hz and using the previously
determined optimal load resistance of 2.5 k(). Figure 18 shows
the simulated (solid lines) and measured (dashed lines with
markers) voltage and time-average power for various magnetic
fields. Simulation results show that the voltage increases lin-
early, whereas the time-average power increases quadratically
with the increase in the magnetic field. The measurements also
follow the same trend, however, for higcher magnetic fields
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TABLE I
PERFORMANCE COMPARISON AMONG YARIOUS STATE-OF-THE-ART EWPT SysTEMS

: Receiver  Frequen Receiver B-field Max. Power  Power Densi NPD
Bl Tranamitter Type:  ~1ore iz Volume (o) (mT) (mW) {mW'{:m'i}lr (mW-cmmT?)

[14] Single pancake coil  ED 54 21.6 = 31 0.14 -

[15) Helmholtz coil pair ~ ED 355 0.16 .4 027 1.69 106

[18] Rotating Magmet ED 17 5.5 e | 2 4 -

[191 Helmholtz coil pair PE 95.6 1.2 0.1 0.014 0.012 1.2

[20 Helmboltz coil pair PE 260 4 0.13 0.005 0.0012 0.07

[21] Single pancake coil ~ PE 211 15 083 33 1.3 1.59

[22] Helmholtz coil pair ED T44 0.55 0.55 25 4.6 15.2

This work  Single pancake coil ED 821 0.31 0.6 2.46 7.9 219

ED = Electrodynamic, PE = Pieroelectric, NPD = Nomalized Power Density.
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Fig. 18. Load voltage and time-average power delivered to 2.5 kL optimom
load under vanous magnetic ficlds at 321 Hz resonant frequency.
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Fig. 19. Outpwt power and magnetic ficld versus on-axis distance between

the transmitter coil and micro-receiver while a maximum allowable safe field
of 2 mTgs at 821 Hz was generated at the center of the coil.

{over 120 uTiys), the output power tends to increase slowly
and reaches up to 730 oW for 150 uT.,; magnetic field,
whereas the model predicts 766 4'W. This discrepancy occurs
due to the nonlinear behavior of the receiver observed earlier
in the frequency response analysis (ficure 16).

Finally, the time-average load power is measured as a
function of distance (up to 15 cm) between the transmitter
coil and the receiver, as shown in figure 19. In this case,
a maximum of 2 mT,, field at 821 Hz frequency (kept
within human exposure safety limit) was generated right on
the surface at the center of the coil by limiting the current

to 614 mA,.. As shown in figure 19, the micro- receiver
generated a maximum of 2.46 mW average power at a distance
of 4 cm from the coil, which corresponds to 7.9 mW - cm ™
power density. It is obvious that the magnetic field weakens
as the distance from the transmitter coil increases, so too does
the power generated by the receiver. However, the device is
still able to generate meaningful power (61 W) at a distance
of 15 cm where the magnetic field strength was measured as
low as 41 uTigs.

Here, the measured power values are much lower than
the simulated power values as the receiver is moved
closer the transmitter coil. While the receiver operates at
stronger field amplitudes, any system nonlinearities will
become more evident. One aspect is a potential mechan-
ical spring stiffening effect. Therefore, the resonant fre-
quency moves further away from the 821 Hz resonance
{at which all the measurements were taken). Additionally,
the receiver electrodynamic coupling coefficient K is kept
constant (Kg =0.011V - s . rad™!) in the simulation. How-
ever, in practice, Kg changes with the change in the mag-
netic field amplitude, since the angular displacements increase
(see figure 9). These nonlinear analyses are beyond the scope
of this manuscript and will be further analyzed in a future
work.

V. CONCLUSION

In this work, we have presented the desizn, modeling,
fabrication and characterization of an EWPT micro-receiver
using a precision manufactured electrodynamic transducer
on a bulk-micromachined Si serpentine torsional suspension
for low-frequency electrodynamic WPT, aiming at wearable
and implantable medical devices applications. The serpentine
structure was designed by analyzing various torsional suspen-
sion structures with the help of finite-element analysis (FEA).
A compact and volume-efficient electrodynamic transducer
was designed, fabricated, assembled and tested within the safe
exposure limit of electromagnetic fields, 2 mT .. Compared
to a previous design [22], this new architecture offers signifi-
cantly increased electrodynamic coupling strength (9 vs. 0.47)
and larger voltage sensitivity (15 V - mT—! vs. 0.95 V- mT—1).
Furthermore, as shown in Table I11, this device also yields the
highest power density (7.9 mW - cm—?) and highest reported
normalized power density (21.9 mW - cm—*-mT~2) when
compared to all other reported EWPT devices. An equivalent
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lumped-element circuit model has been established to predict
the output performance of the proposed EWPT system. Exper-
imental results are in good agreement with the simulation
results, however, there are deviations at higher field amplitudes
{over 150 uTp:) due to un-modeled nonlinearities.

APPENDIX

From the simplified equivalent circuit model (Fig. 10), the
load voltage across a resistive load Ry is

Ry
Ro+Ry

According to gyrator principle [25], the voltage induced in the
coil Vigy is given by

Vi (A1)

s T
Vinda = Kgtl = Kg ;a‘g

(A2)

where Z, is the mechanical impedance of the receiver,
expressed as

Em= b+ joud k Kﬁ (A3)
m_( i +fﬂ?)+RR+RL
Substituting (A3) and (A2) into (A1) yields
K
Ve Tmog 2 K R (Ad)

(b+ e +4) (Re + Ru) + K3

The total electrical output impedance Z,, at the receiver
terminals is
Kz

=Rk __ (AS)
b+ jof+ _;Lm

+ Rg

uf
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