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ABSTRACT

Contactless energy transfer (CET) is a technology that is particularly relevant in applications where wired electrical contact
is dangerous or impractical. Furthermore, it would enhance the development, use, and reliability of low-power sensors in
applications where changing batteries is not practical or may not be a viable option. One CET method that has recently
attracted interest is the ultrasonic acoustic energy transfer, which is based on the reception of acoustic waves at ultrasonic
frequencies by a piezoelectric receiver. Patterning and focusing the transmitted acoustic energy in space is one of the
challenges for enhancing the power transmission and locally charging sensors or devices. We use a mathematically
designed passive metamaterial-based acoustic hologram to selectively power an array of piezoelectric receivers using an
unfocused transmitter. The acoustic hologram is employed to create a multifocal pressure pattern in the target plane where
the receivers are located inside focal regions. We conduct multiphysics simulations in which a single transmitter is used
to power multiple receivers with an arbitrary two-dimensional spatial pattern via wave controlling and manipulation, using
the hologram. We show that the multi-focal pressure pattern created by the passive acoustic hologram will enhance the
power transmission for most receivers.

Keywords: Acoustic hologram, metamaterial, contactless power transfer, ultrasonic acoustic energy transfer

1. INTRODUCTION

Ultrasonic acoustic energy transfer (UAET) has emerged as a new approach for contactless energy transfer (CET). UAET
relies on transferring energy using sound waves and is primarily implemented using piezoelectric (PZT) transmitters and
receivers. Several proof-of-concept experiments have been conducted through different media reporting various
efficiencies, and a review highlighting major advancements is presented by Roes ef al. [1]. One of the challenges for
enhancing the wireless power transmission and selectively charging sensors or devices is patterning and focusing the
transmitted acoustic energy in space. The localization of energy is important as it can be used for biomedical applications
such as lithotripsy [2] (kidney stone removal), or more general applications such as powering sensor networks efficiently.
Furthermore, there are scenarios where localizing the energy transfer is not only a desire but a must due to the delicacy of
the system in which energy transfer is implemented. Such examples include sensor nodes [3] or neural dust sensing motes
placed throughout the human brain [4]. One scenario is the use of high-intensity focused ultrasound (HIFU) technology
[5] or acoustic mirroring concept [6-8] to focus the transmitted energy in space, and, thereby, strongly excite the receiver.
However, focusing should obviously be employed in UAET with care since HIFU may yield substantial energy localization
and heating [5]. Safety regulations require acoustic intensity that is lower than 94 mW/cm? and limit the operating
frequency to 100 kHz [9]. In this research, for the first time, we employ the capabilities of a metamaterial-based acoustic
hologram in beam steering and multi-focal lensing for contactless acoustic power transfer.
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Acoustic holographic techniques are used in applications where spatial reconstruction and/or control of acoustic pressure
fields is required. The hologram stores the phase and amplitude profile of a desired wave front, which is used to reconstruct
the acoustic pressure fields depending on the desired application [10]. The storage of the wavefront information in an
acoustic hologram is achieved by utilizing metamaterials [11]. Although these techniques were first applied to optical
holograms, their acoustic analogues have been developed by multiple research groups. Recently, Melde et al. [10] and Xie
et al. [11] investigated acoustic holograms that needed only one coherent acoustic source for reproduction. This was a
substantial contribution to the field of acoustic holography due to the simplification of the process, where acoustic
holograms initially were designed using complex phased arrays of transducers with the need for phase-shifting circuits
[12]. By replacing the active phased arrays with a single source and a holographic lens that stores the desired wavefront
information, acoustic holograms operate similarly to their optical counterparts.

We propose to combine UAET systems with the diffraction-limited acoustic holograms employing the customized
fabrication procedure that was first presented by Melde et al. [10]. We utilize an iterative angular spectrum approach
(IASA) [13] to create the desired acoustic pressure patterns for the hologram fabrication. The output pressure pattern is
then used in conjunction with a distributed parameter piezoelectric model [6, 14] to compute the power output from a
distribution of 33-mode receivers. Figure 1 displays a schematic of our proposed system, which includes an array of
piezoelectric receivers (shunted to an electrical load) that are located in a target plane, excited by incident acoustic waves
originating from a cylindrical acoustic source (transmitter) and are modulated (shaped) by an acoustic hologram. We use
this setup to investigate the capability of combining UAET and acoustic holography techniques for focusing and patterning
the transmitted energy in space as well as enhancing the power output from the receivers located at specific focal points.
In future setups, a third domain will be introduced to minimize possible impedance mismatch at the surfaces of the
transmitter, hologram and receivers.
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Figure 1. Schematic representation of implementing an acoustic hologram in an ultrasound energy transfer system. The PZT receivers
are located in a target plane (each receiver’s axis of symmetry is perpendicular to the target plane)

2. THEORY

2.1. Wave propagation and acoustic pressure from transmitter and hologram

The acoustic pressure close to the transmitter (0.375 mm away from the transmitter face), where the hologram is located,
is calculated using the Fast Nearfield Method (FNM) [15, 16]. FNM is a simulation method that takes advantage of one-
dimensional integral approach for rapid calculations of pressure near acoustic sources. The integral is the simplified form
of the Rayleigh—Sommerfeld diffraction formula [17] that accounts for a uniform surface velocity of the circular source
[18]. To predict the acoustic far-field distribution, we use the Angular Spectrum Approach (ASA) in which the complex
acoustic pressure wave is represented as the summation of plane waves [19].
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We write

Po(%,7,2 =0) = By(%,9,2 = 00" = BT3B (ko2 = 0) (1)
ke k

where p, and Ag are the amplitude and the relative phase of the complex input acoustic pressure respectively, j is the

unit imaginary number and the time dependency of p,(x,y,0) is excluded for the sake of brevity. In equation (1), k£ and
. . 2 2 .

k, are the transverse wavenumbers that satisfy the Helmholtz equation V”p(@)+k"p(w)=0 in the frequency (@)

domain, providing that k> =k,* +k’+k.’, where k=w/c is the wavenumber and ¢ is the speed of sound in a fluid

domain. Here, F(k,,k,,0) is called the angular spectrum of pressure wave at constant z =0, which is obtained by the

two-dimensional Fourier transform as
Rk k0= [ {7 oy, 0)e 7y, @)

The ASA computes the pressure at any arbitrary plane using pressure field information at a parallel plane, e.g. z=0 (such
as hologram plane). Hence, when the angular spectrum of input pressure F(k, .k ,z=0) is identified, the angular

spectrum at every parallel plane z is obtained as

P(k..k,,z)=F (k. k,,0)H(k, k,,z2) A3)
where H(k,,k,,z) is the propagation function [20] written as

H(k_, ky, z)= v

4)
k= K~k -k}

Accordingly, the pressure distribution at any desired (target) plane z is calculated using the inverse two-dimensional

Fourier transform as

1

A’

p(x’ ¥, Z) = J.:jc J-: P(kxaky,Z)ej(k‘x+/(""‘/)dkxdky. (5)

Similarly, the ASA can be used to compute the backpropagation of the pressure field from the target plane to the hologram
plane by

F(k,.k,,0)=P(k, .k, ,2)H (k. k,,~2) (6)

k.2

where H(k,,k,,—z) is the backpropagation function written as H(k,,k,,—z) =e

2.2. Computational method and iterative angular spectrum approach algorithm

To obtain the desired acoustic pressure pattern in the target plane ( z =50 mm), the Iterative Angular Spectrum Approach
(IASA) [13] is used. The computational domain in the x-y plane is selected to be at least three times greater than that of
the acoustic source dimensions to avoid aliasing of higher spatial frequencies, and then a zero-prescribed field outside the
hologram area is applied. The IASA begins by specifying the desired constraints, i.e., boundary conditions in the hologram
plane and target plane [10]. Initially, the pressure field in the hologram plane is computed via the FNM near the transmitter,
and the phase map is set to zero. In the target plane, after forward-propagated pressure field is calculated via ASA, we
impose the desired target image amplitude without any limitations on the phase. Again, the pressure field in the hologram
plane is computed via backpropagation of the wave from the target plane to the hologram plane. Then, the acoustic pressure
amplitude of the hologram plane is set to that of the initial pressure amplitude close to the transmitter while considering
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transmission losses and preserving the back-propagated phase. The transmission coefficient 7'(x,y) for the normal
incident wave is calculated as [21, 22]

-1

T(y)=42,2,2,) (2] +2,2.) sin* Uyt )+ 2, (Z,+ 2, 005 a(x.) | )

where #(x,y) is thickness map of the hologram, £, is the wave number in the hologram body and Z,, Z;, and Z_ are the
acoustic impedance of the hologram, medium, and source (transmitter) , respectively. For any material M, the
characteristic acoustic impedance is given by Z = p,c,, where p, and c, are the material density and speed of sound,
respectively. The thickness map of the hologram neglecting shear waves and attenuation is estimated as

Ag(x,y)
At(x,y) =—"—"""—= 8
()= 277 (8)
where A¢(x,y) is the relative phase map calculated in the hologram plane, Af(x,y)=t,—t(x,y) , where ¢, is the initial
thickness of the hologram plate and £, is the wave number in the medium. The IASA is repeated until the acoustic pressure

field in the target plane converges to the desired target image, which in turn leads to the convergence of the thickness map
of the hologram [10].

2.3. Ultrasonic acoustic energy transfer to multiple 33-mode piezoelectric receivers in the target plane

The receiver disks in the target plane are free-free PZT cylinders operating in the 33-mode of piezoelectricity (3-direction
is the axial direction, e.g. & -axis, and the longitudinal strain axis and the electrical poling axis are coincident.) with
fundamental resonance frequencies above the human audible frequency range (see figure 1). For the fluid-loaded and

electrically-loaded free-free piezoelectric receiver disks excited by the acoustic wave, the coupled partial differential
equations for longitudinal vibrations of the receivers and the AC electrical circuit equation are given by [6, 14, 23]

62u(§,t)_ 63u(§ t) ou(é,t) 6u(§ t) 6u(§ t)
TS, T e, D R [en s R o - N
+m? “(5 D o5& —L) -8 = £~ 1t~ D)5~ L)]

pdv(t)+Y (0498214(5 t)d§:0 (10)

010

where u(&,¢) is the displacement response of the disk at the axial position & and time ¢, v(¢) is the voltage output across
the electrical load, Y is the Young’s modulus at constant electric field, 4 is the cross-sectional area, m is the mass per
unit length, ¢, is the stiffness-proportional damping coefficient, ¢, is the mass-proportional damping coefficient, @ is
the electromechanical coupling term in physical coordinates, and &(&) is the Dirac delta function. Furthermore, in
equation (10), C, and ¥, =1/ R, , where R, is the load resistance, are the internal capacitance of the piezoelectric receivers
and the admittance of the external load, respectively. The excitation forces due to the incident acoustic pressure are
,()=p,(t)A at £=0 and f,(t—7)=up,(t—7)A at &=L, given in terms of the acoustic pressure in the target plane
p(t) (see section 2.2) evaluated at the top surface (£ =0) and the bottom surface (£ =L) of the receivers, where £¢ is
the ratio of the acoustic pressure on the bottom surface to that on the top surface and z is the time delay of f, relative to
f, . Moreover, the dissipative term R in equation (9) is the resistive component of the fluid radiation impedance (see

figure 10.19 in [24] ). The mass normalized elastic-mode eigenfunction, calculated from the corresponding undamped and
electromechanically uncoupled (short-circuit) free vibration, is obtained as [6]
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m

cos(aé/L)—a—Lsin(aé/L)
#(&)= mL (11)

\/jm (cos (eé/L)y-a m”sin(aé‘/L)) dé+m, (cos ()-«a m"sin(a)j +m,
mL mL

0

where the eigenvalue (o) of the fundamental mode is the first non-zero root of the transcendental equation

[Otz(m—};)2 —l]sina—za%cos(a)zo , where m =X, /o is the radiation mass, i.e., added mass, due to reactive
m m.

component of fluid radiation impedance X, (see figure 10.19 in [24] ) and @ is the excitation frequency.

The electromechanically coupled equations of forced vibrations and current balance are expressed for the fundamental
mode in lumped-parameter form as

5(0)+] 260, + R4 (0)+ R & (L) |3(0) + @} x(0) - AHO)HL) - #* (O)M0) = ;) (0)— £, (t~1)JOMH(L)  (12)
C,$0)V(0) + Y, ¢O)(e) + O[H(L) — J(0) (1) = 0 (13)

where an over-dot represents differentiation with respect to time.

Jjot

The steady-state electromechanical response to harmonic excitation force f(¢) = Fe’ is also harmonic and is of the form

x(t) = Xe’” and v(t)=Ve’ based on the linear system assumption. As a result, the fundamental-mode output voltage
amplitude frequency response function (FRF) is obtained as [6]

JwOF ($(0)— ug(L)e ™ ) ($(0) - (L))

V=
{0} -0 + jo[ 240, + R (4O + (1)) || (Y, (@) + joC, )+ job® (4(L) - $O))

(14)

where @ =wr is the phase angle between the excitation forces at the top and bottom surfaces of the cylindrical receivers.

The power output FRF of the piezoelectric receiver disks ( IT) is calculated using equation IT=v"/ R.

Deriving an expression for the impedance of the fluid-loaded receivers is useful for identification of its parameters such
as underwater short- and open-circuit natural frequencies @, under electrical excitation. In equation (12), changing the

Jjot

input to V() =Ve’” and setting £, (t) = f,(t —7) =0, while in equation (13), replacing the current output Yv(¢) by the

actuation current input —i(t) = —Ie’” , yields

Z(w) = ! (15)

& [H(L)-$OF
O - + jo] 260, + R ¢ (0)+ R P (L)]

jo|C, +

for the fluid-loaded receivers’ electromechanical impedance (Z =¥/1), which includes the fundamental longitudinal
vibration mode only.
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3. COMPUTATIONAL RESULTS

3.1. Acoustic pressure field in the target plane and the thickness map of the hologram

Having computed the initial pressure field close to the face of the circular transmitter using the FNM at 1 MHz, the ASA
is used to compute the pressure field in the target plane at z=50 mm. Figure 2a shows the pressure distribution in the
target plane when there is no hologram. On the other hand, the IASA algorithm is applied to propagate the pressure field
from the hologram plane to the target plane, which converges to the target image after several iterations. Figure 2b shows
the pressure distribution in the target plane after 50 iterations (in the presence of the hologram located close to the
transmitter). The resultant acoustic pressure pattern matches well with the desired pattern that we imposed upon the target
plane (VT shape pattern). It shows the capability of the designed hologram in multi-focal lensing and acoustic pressure
transmission, which generates higher amplitudes in the area of the desired pattern in the target plane (about 32% increase
in total acoustic pressure). As explained earlier in the theory section, the back-propagated final pressure distribution in the
hologram plane is then used to compute the final thickness map of the hologram using the final calculated relative phase
map. Figure 2c illustrates the final thickness map, which is later used as an input to the 3D printer for the hologram
fabrication (figure 2d). The hologram is printed with a 3D printer (Form 2, Formlabs) with a resolution of 50 um. The
quality or the resolution of the 3D-printed hologram will be tested in future work, for the application of acoustic power

transmission.
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Figure 2. Acoustic pressure distribution in the target plane at z =50 mm (a) when there is no hologram and (b) in the presence of the
hologram. (c) Final thickness map of the hologram plate obtained from the IASA and (d) the 3D-printed hologram plate.

3.2. Electromechanical impedance and receivers’ power output in the target plane

Having obtained the pressure distribution in the target plane (figure 2b) where 1024 PZT receivers are equally distributed
in an area of 100 cm?, the receivers’ power output in the target plane is calculated using equation IT=v"/R, and shown
in figure 4. Each receiver investigated in this case study is a cylindrical 33-mode PZT disk (PIC 255 from Physik

Proc. of SPIE Vol. 10595 1059518-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/17/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Instrumente (PT) GmbH & Co. KG [25]) with a diameter of 3 mm and thickness of 2 mm, and a short-circuit fundamental
resonance frequency of 1 MHz in free-free boundary conditions. The material properties are given by the manufacturer
[26]. The whole setup (in figure 1) is submerged under water. The analytical impedance FRFs for in-air and underwater
actuation are shown in figure 3 as obtained from equation 15. The impedance curves capture the fundamental resonance
and anti-resonance frequencies of the receiver disk, which are also called the short- and open-circuit resonance frequencies,
and they have the values of 1 and 1.08 MHz, respectively. The effects of the added mass and damping due to water loading
are clearly observed in figure 3, and the model successfully represents the underwater dynamics of the receiver near
resonance. It should be noted that the resistive and reactive components of the radiation impedance determine the fluid-
induced damping and fluid-loaded resonance frequency, and they depend on the diameter of the receiver.
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Figure 3. In-air and underwater electromechanical impedance FRFs of the piezoelectric receiver disk in free-free boundary conditions.

Using the analytical model, further simulations are conducted to obtain the electrical power output for the PZT receivers
in the target plane at z =50 mm for two cases, where there is no acoustic hologram and in the presence of the hologram
at 1.08 MHz; the underwater open-circuit resonance frequency, and the load resistance is fixed to R, =12k€2. The pressure

amplitude in the target plane at each receiver’s location is used to calculate the external force acting on the surfaces of the
receiver and is used in equation (14) to compute the output voltage amplitude from each receiver. This voltage is used in
conjunction with the electrical load to calculate the power output. Since the pressure distribution over the surface of each
receiver is not uniform, the pressure field in the target plane is divided into a coarser grid that has the nominal dimension
of the diameter of the receivers. The pressure over each grid point is then averaged and is multiplied by the receiver area
to estimate the external force over each receiver’s top surface.
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Figure 4. Power output for the piezoelectric receivers in the target plane at z =50 mm (a) when there is no hologram and (b) in the
presence of the hologram.
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Figure 4 shows an array of receivers that covers the domain in the target plane corresponding to the hologram aperture.
The power output without the presence of the hologram is shown in figure 4a, while figure 4b shows the power output
using the acoustic hologram. It is shown that the acoustic hologram enables a new capability in shaping the acoustic
pressure field and transferring power to the receivers only at focal points (receivers located in the VT pressure pattern),
selectively. For this case study, in addition to pattering, employing the hologram in the UAET setup leads to a 9% increase
in the total power output. Furthermore, the receiver with the highest power output (in figure 4b) has a 200% increase in
comparison to the receiver in the same location without the placement of the hologram. The power can be further increased
with impedance mismatch alleviation and the inclusion of impedance-matching layers between the transmitter, hologram
and receivers [22].

4. CONCLUSIONS

Contactless acoustic energy transfer has many applications ranging from wireless charging of deep medical implants to
sensor networks. Patterning and focusing of the transmitted acoustic energy in space is one of the challenges for locally
charging sensors and devices. UAET can be used in conjunction with acoustic holograms to shape (pattern) the acoustic
pressure field in a target plane and accomplish energy localization. In this paper, an iterative angular spectrum approach
is used to design an acoustic hologram for constructing a multi-focal pressure pattern which leads to power focusing. The
wavefront pressure distribution is used as an input to the fundamental-mode output voltage amplitude equation derived
from a distributed-parameter model to compute the power output from an array of piezoelectric receivers located in a
desired pattern. The results show that combining metamaterial-based holograms with UAET allows for the selective
transfer of energy using the advantages of beam steering and multi-focal lensing. Future research directions of this project
include experimental validations of the mathematical model to investigate the transmitted power efficiency and patterning
using acoustic holograms.
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